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INTRODUCTION 


Th«  procatdlnga  of  th«  1964  Army  Selene*  Conference  It  « 
complletion  of  ell  pepera  preaented  ec  Che  conference,  lea 
purpoac«  arc  Co: 

•.  Provide  a  hltCorlcal  record  of  Che  conference 

b.  Provide  aourcc  macerlal  for  aclenclaca  engaged 
In  rcaeerch 


c.  Enable  conference  parciclpanCa  Co  review  papers 
In  which  chey  have  a  apeclal  Inccreac 

The  reporc  conalaca  of  chre*  voluraca  as  follows: 

Volume  I  Unclassified  papers,  principal 

auChora,  A  chru  H 

Volume  II  Unclassified  papers,  principal 

auchora,  I  Chru  Z 

Volume  III  Classified  papers,  alphabeClcally 

by  principal  auChors 

Three  InvlCed  Papers,  which  were  presenced  ac  Che  Opening 
General  Session  are  grouped  cogecher  ac  the  beginning  oi 
Voluai*  I.  These  papers  are  essentially  different  In  nature 
inaSBHich  as  they  were  oriented  coward  the  general  scientific 
and  lay  interests  of  a  mixed  audience,  rather  than  reporting 
on  a  specific  research  effort  within  a  given  discipline. 


All  experiatencs  involving  live  anisials  which  are  reported 
In  the  Proceedings  were  parforsmd  in  accordance  with  the 
principles  of  laboratory  aniul  care  as  promulgated  by  the 
National  Society  for  Medical  Research. 


WILLIAM  W.  DICK,  Jr. 


Lieutenant  General,  GS 


Chief  of  Research  and  Developsient 
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MEDICAL  TREND6  IR  LIR  SUPPORT  8T8TIM8 


Tntxrar  o.  bariza,  vs  col,  mc 

VAISXR  RED  AAff  PBTrWB  GT  R3BARCH 
VALZER  FEED  AFMT  RDICAL  CEKBR 
WASEIinTOIl,  D.  C. 

Strides  In  aedlcins  la  the  past  fev  decades  have  been  as 
great  as  those  In  other  prafesslonsj  probabljr  nost  dzeBatloally  exM* 
pUfled  by  the  Increase  In  life  ejQwctanoy  frcn  )t0  to  over  TO  years. 
Isolated  exBQples,  or  even  a  grasp  of  the  whole  field  of  Mdleal  ac- 
ccnpllslanents,  nahe  one  proud  to  be  living  In  these  tines  and  in  this 
oountzy;  in  these  tines,  because  of  these  aiedlcal  and  other  "Ilfs- 
Inprovl^"  develppaents,  and  in  this  country,  becaxise  aany  of  the  ae- 
canpllslnents  are  peculiar  to  the  acadenlc,  scientific  and  physical 
environaeat  resulting  froa  the  Aasrlcan  way  of  life. 

TECKIDS  d  RDICAL  UFE  SUFTORT  SYS'^SMS:  In  the  colloquial  use 
of  the  texia  "life  support  syiteos,"  the  problens  of  aeln^alalag  Ufa 
and  function  of  on  orbiting  astronaut  cooe  to  mind.  The  texB^elosed 
ecological  systen"  is  also  used  to  denote  the  need  for  the  entire  sys- 
tea  to  be  sulf-sufficlent.  By  adding  the  term  "medical^  bo  the  title 
of  life  support  systems,  I  hope  to  explain  soim  of  the  background, 
current  sreseareh  effozbs  and  future  plans  of  the  AxsQr  Nedioal  Serrlcs 
In  meeting  its  mlasloa  to  preserve  the  fluting  strength  of  the  Xsfelon 

Qie  fluting  aan  In  an  extrssw  of  envlroosMntal  and  tlas  atreas 
Bsy  have  to  exist  ii\  an  ataoaphere  not  unlike  a  closed  ecological  sye* 
ten.  In  siy  dally  practice  as  en  Army  Msdlcal  Officer  and  an  Ane8the« 
alologlst,  the  use  of  a  closed  ecological  systen  does  auoh  to  eontxd>- 
ute  to  the  successful  outcone  in  most  of  today's  patients  undergoing 
elective  or  sMrgency  surgery.  Once  the  patient  le  rendered  unecn* 
Bctous,  he  becoBea  part  of  a  closed  anesthetic  envlroasmtal  systen. 

A  skilled  teen  controls  the  factors  needed  to  his  vital  fono- 

tlons  and  return  hln  to  full  oonsclousneaa.  ttese  asae  faetom  have 
direct  appUoatlcn  to  vlotlas,  wounded  or  Injured  In  the  perfoznance 
of  dally  duty.  To  cope  with  an  adverse  situaticn  with  a  logioal,  pre¬ 
planned,  praoticed  effort,  devoid  of  panic,  is  an  application  of  these 
factors  in  a  practical  way.  Such  steps  are  elnple  enou|h^Obe  learned 
and  used  Iv  non-aedioal  people.  The  Insedinte  application  of  aosn 
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•infill  •'t«p«  of  eonvctlon,  suok  at  tb*  aalntananoa  or  aa  adtquata 
ainriqr  ^  the  proqpar  poaltloBlac  of  an  uneaBwciout  vlctla*a  baad  may 
aaat  vttt  draaatlo  aueoaat.  Xb  aany  oaatt  tba  rtvard  it  particularly 
great  at  the  raauteltatad  vietla  It  often  a  dear  relative  or  friend. 

Control  of  eavlroatBat  la  li^ortant  to  turvlval  prior  to  the  need 
for  Mdleal  omrt,  although  one  cannot  aeparate  the  tvo  ecnplete3/. 

It  can  he  a  key  factor  In  'ttw  aMli^  of  a  nan  to  turvlre  a  atreaaftl 
aituatlon*  A  vound  or  diaeeae  oeenrlng  at  a  hl|h  altitude  la  con- 
poundtd  hy  the  aeae  envlrntniaiital  iketore  whl^  nake  life  for  a 
healthy  pereon  extretly  ttretafUl  at  that  altitude.  Betide  the  lack 
of  avellaMllty  of  nedlcal  attention,  factore  each  at  poor  roads,  low 
tamperaturea,  leer  harottrlc  preature  with  conaegiutncet  of  prbblent 
in  hocaathing  hy  the  peraonnel,  and  poor  aerodynanloa  develciped  by  a 
potential  reaene  hellcofter  or  airplane  are  pamount.  If  the  cloeed 
eoologleal  ayetan  beoonta  evm  aort  iaolated,  at  In  apaoe  fllghtt, 
tht  paratoltnt  of  aecldent  and  lUneaw  nty  becoat  even  aore  acute. 

■ren  vlthln  the  boundarlea  of  our  ecuatry,  a  heavy  anovfall  in  a 
zuial  area  could  daereate  tha  ohanoet  for  aurvival  in,  for  Inatance, 
a  pragoanoy  at  tarn  vhloh  reg:^lraa  a  blood  txanafualon  or  operative 
aHulpulatlon  of  tha  Infant,  althar  of  vhloh  would  be  rather  tlnple 
prooaduret  If  tha  patient  were  in  a  BOdem  hoapltal  environaent  tn> 
atead  of  bar  own  hone.  Iha  onylrooaent  alao  baeoaaa  boetlle  if  a  par- 
ton  or  group  of  aoldlert  are  re^julred  to  aove  abruptly  frea  a  nr  der¬ 
ate  ellaate  to  one  of  axtreaaa  of  beat  or  cold.  Again,  snture  eca- 
pounda  thaae  probleaa  of  phyaloXoglcal  adaptation  by  the  individual 
to  the  ttresB  to  which  he  le  eiqpoeed,  by  aaklng  it  equally  difficult 
to  logistically  aitpport  hla  with  aedleal  or  other  eervlcee. 

Finally,  the  longer  life  epan  achieved  doee  not  lead  nany  of  us 
to  a  feeling  of  conplaceucy  nor  to  eay  that  noat  of  the  probleas  pre¬ 
venting  a  long,  happy,  healthful  life  have  been  eliminated.  The 
first  day  of  Ufa,  the  first  month,  and  the  first  yeeq:  of  life,  all 
still  carry  high  end  slnllar  aortality  rates  to  those  recorded  23  or 
30  years  ago.  At  the  other  end  of  the  life  epan,  cancer  and  heart 
dlseaaa  have  Incraased  einply  because  people  are  living  long  enough 
to  acquire  these  dleeasee.  Further,  the  Aaerlcan  heritage  has  led  to 
a  strengo  paradox  which  pemlta  thousands  to  be  killed  in  traffic  ac¬ 
cidents,  and  more  thousands  to  die  by  accidents  in  their  homes,  and 
tha  events  noted  ae  little  nore  than  statistic,  while  a  prominent  per¬ 
son,  in  a  slallarly  sudden,  shocking,  unexpected  instant,  dies  of  n 
heart  attack  or  an  assassin's  bullet  and  becanee  a  national  tragedy. 
Which  person  is  the  aore  dead  or  the  greater  lose  to  hla  family  ba- 
eoaes  aosMfwhat  acadeaia  if  considered  in  a  sosMwhat  metaphysical  de- 
tadmmat  by  claiming  that  moat  of  these  deathc  are  preventable. 

I  will  not  consider  the  epideaiology  of  automciblle  accidents  In 
this  presentation.  It  la  better  done  by  others.  But  it  is  indeed 
strange  that  seat  belta  or  chest  bameeeee  are  not  more  widely  used 
nor  are  obvious  design  changes  forthcoalng  ^  jr  safety  in  the 
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auterebile  ita«lf  for  p«ztMira«  tkai  tk«  o«r  will  auffar  m* 

i]i«tieall7  la  ilia  aarkat  plaaa.  It  la  aqaallj  airaaga  that  »atlko4a 
ara  kaoaa  toda/  for  tka  rararaal  of  daatk»  or  tka  aalataaaaoa  el'  llfa» 
la  aaoldaat  or  dlaaaaa  Tlotlaa,  akiok  will  paralt  tkaaa  vlotlaa  to 
raaak  aara  aopklatloatad  aadloal  oarai  kut  tkaaa  aatkeda  ara  aot  uaady 
or  varaa,  ara  uaad  laproparlj  for  Tarloua  raaaoaat  aot  tka  laaat  of 
aklok  la  aa  attltuda  of  "It  oaB*t  kappaa  kora."  Tat  vkaa  aaok 
aatkeda  aa  aautk-to-aovtk  kraatklag  tc  raauaeltata  dreaaad  or  aapkjic- 
latod  Tlotlaa  vara  akova  to  ka  aa  affaotlva  vkaa  taught  kj  a  ali^la 
dallj  laaaoa  aa  tka  froat  paga  of  a  SeaadlnaTlaa  atata-oontrollad 
atvapapoTt  tka  aortalltj  froa  auok  aooldaata  vaa  roduoad  kp  alaoat 
7^*  lov  aaajr  of  na  eoaaldor  ooraalvaa  eoapataat  to  roauaoltata  a 
frload  or  rolatlva  vke  haa  drovaod  or  atoppod  kraatklag  froa  aaip  of 
•aajr  otkar  oaaaaaT 

la  a  aiallar  va7f  1  kallava  that  paxki^a  kalf  of  tka  300,000  par. 
aoaa  idio  dla  aaok  yaar  of  kaart  dlaaaaa  algkt  aot  kava  had  to  iia  at 
tkat  partioular  tliM.  khoa  tka  kaart  of  auok  a  paraon  la  azaaljMd  ky 


a  patkalaglat,  ka  la  vaakla  to  dataot  ky  tka  f laaat  of  oar  awdara  la. 
atruaaatatloa  aay  aav  dlaaaaa  la  tkat  kaart.  It  appaara  to  ka  tka 
oaM  kaart  tkat  koura  or  daya  kafora  vaa  fuaotlealag  vail  la  a  llvlag  . 
kaaaa  kalag.  fo  aay  It  la  anotkar  vay*  aa  axaalaatloa  of  tha  kaart 
of  a  paraoB  vke  dlaa  la  kla  aaraatiaa  after  loag*  varloua  and  aoaM». 
tlaaa  aarara  aplaodaa  of  kaart  dlaaaadt  akova  tka  kaart  to  ka  aaa. 
tooloally  aora  aavaraly  laTolvca  ky  tka  dlaaaaa  prooaaaaa  vklak  ap¬ 
parently  killed  tha  paraoa  20  or  30  yaaxa  kla  Junior. 

It  la  true  tkat  death  could  ka  ao  duddaa  tkat  okaagaa  vould  not 
kava  tla«  to  eoeur.  In  refutation,  atudlaa  auok  aa  tkat  eoaduotad  In 
?ranlagkaa  kara  akova  tkat  aa  adult  population  oaa  ka  axoBlaad  and 
aona  of  tka  papulation  will  ka  found  to  kavo  kaart  dlaaaaa.  Whaa 
follevad  orar  a  period  of  yaaro,  aona  of  tkaaa  patiaata  vltk  heart 
dasoaaa  die.  Tat  over  of  tkaaa  fatalltlaa  narar  reach  aadloal  at* 
taatioa  araa  vitkia  aa  long  a  tlaa  aa  three  voaka  frcn  tka  enaat  of 
aav  or  aavara  aynptoaa.  In  our  axoallaat  hrmj  Nadioal  Sarrloa,  aiad.. 
lar  raoorda  Aov  that  akout  6(9(  of  our  aetlva  duty  paraoaaal  die  vitk. 
out  nadioal  attontion.  laoidantally,  tha  aajor  eaaaaa  of  death  In 
eiTlliaaa  and  la  our  oltlcaa  •xwsf  ara  identical  t  kaart  dlaaaaa  and 
aoeidaata. 

When  tka  vietla  of  tha  ayooardial  lafaretloa  or  "kaart  attack" 
llvaa  to  ontar  tka  koapltal,  kla  ohaaeaa  of  dying  ara  raauoad  to 
akout  Bat  aran  in  tkla  araa,  there  ora  good  raaaoae  to  kaliova 

■any  of  tkaaa  23^  had  haarta  too  good  to  dla.  Akout  16  of  tkaaa  23 
daatha  ara  due  to  Toatrloular  fikrlllatiaa,  a  oeaditien  in  vkiek  tka 
thouaaada  of  kaart  ■oaola  fikera  attempt  to  ooatraot  out  of  ayaohrany 
vltk  tkalr  aalgkkora,  raaulting  la  an  laaffaotlTo  output  of  klaod 
froa  tka  kaart  and  tka  death  of  the  patlaat.  fhla  eondltleu  la  lllaaLy 
due  to  aa  alaetrooutloa  pkanouoaon  aot  ualika  a  death  froa  an  olaotrio 
akook  iaourrod  vkaa  tha  viotia'a  feat  vara  vat,  pamittlng  tka  alao- 
trlo  okarga  to  ka  conduotad  anally  through  tha  kody.  a  not  uaqiMaaaa 
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hON  MOidiOt. 

lb  tha  Imrt  attack  vietla,  an  abcoxaal  pattem  of  alaotrloal 
activity  la  caused  by  tlM  lack  of  blood  nourlablag  the  area  nomally 
supplied  by  tbe  vessel  ehlch  has  been  blocked  by  the  disease  process. 
Oils  area  does  not  have  to  be  large  since  the  key  feature  Is  a  dif¬ 
ference  In  electrical  potential  In  the  diseased  area  ccnpared  to  the 
1  WMilnlnc  nonaal  heart  iMSOle.  Cils  saae  area  of  difference  can  then 
becone  an  Irritable  focus  to  a  degree  sufficient  to  pemlt  randon  die- 
charges  of  eleecrlcal  potential  great  enoujli  to  cause  abnoxnalltles 
In  the  rbythn  of  the  heart,  continuing  to  the  end  point  of  the  ecn- 
pletely  dlsoxgaskised  xhythei  of  ventricular  fibrillation  Just  aen- 
tlcaed.  Ore  nearer  this  area  of  Infarction  or  dead  lousele  lies  to 
the  norsKil  area  of  nervous  patfavays  for  heart  stlaulation,  the  aore 
likely  it  Is  to  becosM  an  Irritable  focus  to  precipitate  the  fatal 
ausele  contractions.  In  contrast,  if  It  is  far  rsaoved  frca  this 
laraa  of  nervoua  conduction,  the  heart  will  be  less  irritable  and  the 
vlctla  la  able  to  develop  collateral  Channels  over  a  period  of  time  to 
nourish  the  areas  of  the  heart  previously  supplied  vlth  blood  by  vay 
of  the  bloeked  artery. 

But  even  If  thia  abnomal  rhytha  of  rrentriculax  fibrillation 
does  occur,  you  aay  sumlse  froa  vbat  X  have  said  that  there  are  good 
yaasons  to  expect  this  death  to  be  reversed  if  the  treataent  is  prooqpt 
proper. 

Xhe  output  of  blood  frca  the  heart  can  be  dialnlsbed  or  stopped 
In  other  vays  such  as  the  inadvertent  overdoeage  and  depresBlon  of 
^e  heart,  as  veil  as  the  rest  of  the  body,  by  anesthetic  agents,  so 
that  It  no  longer  can  respond  to  noraal  nervous  Ispulses.  Or  it  can 
stop  because  of  lack  of  oxygen  or  a  vound  or  accident  causing  such 
severe  loss  of  blood  that  an  Insufficient  quantity  Is  being  returned 
to  the  heart  to  "load"  or  fill  it.  Regardless  of  the  cause,  the  ef¬ 
fect  can  be  catastrondilc.  Pronpt  treataent,  siallar  in  both  aeehan- 
ISBS,  any  pexait  auecessful  resuscitation  and  eoaplete  recovezy. 

Ihese  aechanlBBs  for  death  vere  not  described  and  understood  until 
early  in  this  century,  and  probably  are  not  yet  fuUy  esplalned.  Yet, 
In  1921,  and  perhaps  earlier  In  uadoouaented  cases,  a  surgeon  was 
able  to  take  over  artificially  the  function  of  the  heairt  by  zbytba- 
Ically  squeezing  It  vlth  bis  band  vhlle  adequate  oxygenation  could  be 
restored,  pexnlttlng  the  patient  to  survive.  In  19^,  the  first 
successful  reversal  of  the  electrical  siechanlSB  for  death  vas  reported. 
Bs  this  Instance,  the  surgeon  reversed  the  fatal  outcone  by  applying 
an  even  greater  electrical  charge  to  the  surface  of  the  heart  by 
smuis  of  tvo  electrodes  applied  to  opposite  sides  of  the  heart,  caus¬ 
ing  all  the  heart  sniscle  fibers  to  contract  at  once.  After  the  heart 
fibers  recovered  fron  this  effort  of  contraction,  they  vez^  ready  to 
respond  nonsall/  and  In  unison  to  the  next  nervoua  Ixpulse  reaching 
the  heart  ‘ttirou^  its  usual  patfavaya,  Ih  19^#  the  plaoMmit  of 
tbe  electrodes  directly  to  tbe  heart  vas  proved  to  be  vnaecessaxy  if 
sttiTficlent  voltage  vaa  delivered  to  tvo  largd  electrodes  placed  on 
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oippMlt*  sites  of  tlis  dwst.  fbs  nssd  to  timslly  sqo»f  ths  iMsrt 
vltk  -ttfes  hsnA  to  fonss  blood  to  bs  elrralAtsd,  tbils  ths  otuss  of  ant 
trowfblo  vss  bslaf  slialastsd,  sms  solvsd  by  noting  tbs  ssas  offset 
could  bs  aobisvsd  by  prssslng  forcibly  on  tbm  ebsst,  trapping  tbs 
bsazt  bstvssn  ths  (^est,  ths  bsokbons  and  tbs  lungs  on  sithsr  site  of 
the  hssrt.  Vhsn  this  aethod  is  oonblnsd  sl'Ui  tbs  aouth-to-aoutb 
bxsathing  tsohnic  wntionsd  abovs,  a  Tietin  of  an  othsxwlss  fatal 
heaxt  attaok  ai^it  bs  broo^t  to  a  Mdieal  facility  by  a  tralnsd  non* 
nodical  zsaottsr  suffloisntly  allrs  to  psxnit  his  basic  asdianlHi  of 
death  to  bs  conibattsd  and  rsrsrssd.  And  intesd,  this  is  tbs  favor* 
abls  outcoBS  of  aoors  and  nors  bsart  attack  yictins  today  .  Zt  is  true 
that  tbsss  slapls  nsthods  for  first  aid  ars  not  vi’Uiout  dangsr>  not 
universally  taught  or  laazned^  nor  svsn  fully  acesptsd  by  tbs  asdieal 
profession.  But  the  concept  la  sound  and  asens  to  need  only  a  cca- 
certsd  effmrt  by  teaohlng  sessions  to  have  it  nsan  life  for  aany 
people  othenrlae  dooned  to  an  unesqpeetsd  and  often  early  death. 

Of  course,  the  oonplete  stocy  of  reversal  of  death  or  ths  sup- 
port  of  life  has  not  been  outlined  above.  ?he  oonplete  picture  nust 
also  include  tine.  Ihe  rescuer  needs  tine  to  act.  Zhs  vletin's 
reparative  processes  need  tine  to  cone  into  play.  Qm  tining  of  the 
catastrophe  itself  'is  uneagiwoted  and  unknown,  often  teleying  the  on¬ 
set  of  resttseitatlve  efforts.  Ihe  danage  of  the  disease  or  injury 
ney  be  so  great  that  prolonged  periods  of  tine  are  required  to  peradt 
the  body  to  repair  or  recover.  For  these  and  other  reasons,  addi¬ 
tional  concepts  of  life  .support  are  being  investigated.  Zhese  fall 
into  tvo  broad  categories  of  tissue  or  organ  transplantation  and  art! 
flclal  internal  organs.  Zhese  are  arbitrary  delineations  but  serve 
to  divide  attaspts  to  substitute  healthy  tlesue  or  organs  for  that 
which  is  diseased  or  destroyed  fron  those  who  attenpt  to  devise  nech- 
enloal  substitutes  to  teoiporarily  or  paznanently  take  over  the  func¬ 
tion  of  such  denaged  tlsaue  or  body  organs.  Again,  there  is  sons 
precedent  for  each.  Treuoefuslons  of  blood  cells  and  plasna,  trans¬ 
plantation  of  corneas,  bone  end  cartilage  have  been  successful  with 
proper  donors.  Artificial  tissue  and  organs,  sudti  as  heart  valves, 
a  cardiac  paoeanker  or  the  artificial  kidney,  work  veil  for  varying 
periods  of  tine.  Both  groups  tend  to  fail  when  whole  organs  beeone 
involved:  the  organ  transplants  are  rejected  by  iasune  nechaniaBS 
developed  by  the  host,  and  artificial  or  vsehanleal  organs  tend  to 
be  too  large  to  neet  many  loglstleal  requlreaents. 

Zhe  unique  power  systen  called  "fluid  anpllfieatlon"  nentioned 
by  Hr.  Sorton  in  the  previous  address,  end  ly  Mr.  Woodward  In  the 
196a  session  of  this  Conference,  has  eontinaed  to  lead  itself  to 
ainiaturlzation  and  to  overcoae  sons  of  the  other  objections  to  con¬ 
ventional  power  sources  for  artificial  internal  organs.  Zhe  nedical 
equipsent  deveXopnent  effort  by  the  Barry  Dlaaond  laboratories  and 
the  Walter  Reed  Amy  Ibistitute  of  Reeeareh  has  been  quite  xeimrdlng. 
Zhls  effort  oen  be  used  cui  an  easaple  of  the  Inereaslng  role  of  the 
engineer  and  other  scientists  in  assisting  the  pfayslelan  to  achieve 
better  patient  care,  a  deeper  understanding  and  explanation  of  sany 
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ooHplu  Iki^x  proMBsea  and  to  realise  the  value  of  a  sMltlple 
dlsolpllae  approach  to  the  aolutloa  of  medloal  ad.lltaZ3r  prchlou. 

Such  ■inlatxirlsatioa  wmy  lead  to  the  availability  of  a  aaall 
(one  cubic  foot)  heart-lung  aubatltute  vhlch  could  be  quickly  eon- 
nected  to  a  casualty 'a  circulation^  to  take  over  Its  vital  funetlanj» 
and  ''bay  tine"  for  the  vlctla  until  oondltlona  are  optlaal  for  defi¬ 
nitive  repair  of  hie  injury. 


Sceie  Boggsetlon  that  this  la  a  reasonable  concept  follows  frcn 
sone  expertnents  vlth  iSbn  Amy  Artificial  Beart  Piaop.  Tuo 

groups  of  ton  dogs  were  artificially  kept  alive  by  heart-lung 
nadtlnea  delivering  the  sane  volunea  of  blood  floe  at  the  sane  nean 
Input  presBurea,  the  only  dlfferenee  being  In  the  qnall^  of  the 
blood  flow.  Bn  dogs  vere  so  perfused  kgr  a  conventional  steady  flow 
pnnp  end  the  other  ten  by  the  Jatgf  Heart  Pmp  set  to  deliver  a  pul¬ 
satile  blood  flow  quite  alnllar  to  aonal  pulsed  blood  flow,  but 
Still  at  the  sene  nean  pressure  end  nlnnte  flow  delivered  by  the  eon- 
ventlcual  pmp.  Qm  dlfferenee  in  survival  was  mnerkabl*.  Ik  the 
groap  of  dogs  punped  with  a  steady  blood  flow  for  two  hours  ebo  were 
then  taken  off  this  artificial  clrenlatlon^  none  survived  longer  then 
21  honxs^  end  the  naan  survival  thee  eua  b  houxe.  la  anitod  ooatanat 
T  ^  bO  doge  perfuead  with  a  pulsatile  blood  flos^  again  at  ths 
sane  nean  flow  and  pressure  as  t'lS  first  group,  survived  the  two 
houre  of  artificial  clrculatlaa.  Actually,  there  ie  scan  blse  here 
ss  dsatbe  fron  any  eapisinehls  cause  are  stiU  rvgoarted.  ttro  of  the 
three  dsge  on  ttae  pulsatile  blood  flow  died  of  sir  ngiollwe,  a  taob- 
slcal  area  rectified  by  the  addition  of  n  air  trap  to  the  artlfleial 
blood  circuit,  iha  third  dog  bad  InadvertantZy  been  fed  on  the  nam¬ 
ing  of  the  prooednre,  regurgitated  stonadi  oontents  end  could  not  be 
nflegnctely  ventilated  prior  to  the  artificial  dreulstlon  eoverinent. 

Apparently  benefit  of  pulsatile  blood  flow  has  been  re- 

sported  by  civilian  InvestlgBtors  using  tiie  Amy  Heart  Pinqp.  Alt  as 
is  often  the  caae,  nsny  nev  questions  arise.  l§tj  ehnuld  a  pulsating 
heart  and  an  elastic  arterial  ^ratm  be  the  optlnal  ays  tee  for  asln- 
tenanoe  of  nan's  Ufa  within  the  bounds  of  his  body's  envlronsent? 
Muit  Is  the  best  eaqperinental  deslpi  available  to  prove  that  a  pul¬ 
satile  blood  flow  will  offer  ever  greater  chances  of  surviving  a 
period  of  Intsrxuptlcn  of  nomal  blood  flmr  when  ^cusands  of  heart 
dlstteaft  vietlns  have  been  suceeesfolly  cured  while  their  circulatory 
■jstms  have  been  taken  over  by  a  steady  flow  poqp?  We  do  not  have 
tiie  answers  to  these  end  other  nore  basic  questions  -  only  specula¬ 
tions  nost  of  which  Involve,  again,  a  factor  of  tine.  The  human 
body  has  great  reserves  idkich  enable  it  to  withstand  severe  phyalo- 
loglosl  Insults  ii  they  are  of  short  duration.  Patients  mAo  require 
artificial  circulation  for  nore  then  ^ro  hours,  with  conventional 
steady  flow  of  blood,  have  a  asioh  higher  mortality  than  those  whose 
dlseaee  can  be  repaired  in  lees  than  ^ro  hours.  Ihls  may  reflect  no 
nore  Sian  the  ssvexlty  of  the  dlaease,  but  the  possibility  that  even 
grsater  aohlevenents  in  nedlclne  will  follow  the  modification  of  the 
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chaxvieter  of  the  artificial  blood  flow  la  man  than  axcltlsf . 

Deporting  froa  apeelfica  of  aedloal  reeeardh,  reworded  by 
eoUoborotloo  with  other  sclentiote,  one  way  oak  other  gonerol  q^iee- 
tlona.  One  of  poreaount  Intereat  to  ae  alao  Involvea  tlae  osd  een 
be  poeed:  'Vhltber  Axagr  Medical  Feaeorch?"  or  oven:  Whither  aedlcol 
reeeorch?  A  ptgrsicioB  treode  hie  path  of  treotaent  of  the  aiok 
while  — iTitAiniwg  bla  drive  and  aaibltloo  to  lean  and  teach  aore  of 
the  ^raterlee  of  the  body  ahd  la  at  flrat  unaware  that  hla  path  la 
not  one,  but  four  or  nore.  Aa  time  pasaes,  hie  clinical  path  of 
healing  the  sick  meets  a  fork  which  requires  him  to  teach  other  less 
experienced  physieians  idi&t  he  has  learned.  He  is  still  able  to 
travel  both  paths  with  some  expenditure  of  tine,  but  a  third  path 
branches  off,  requiring  him  to  study  or  do  research  experiments  to 
dstemlne  for  hiaaelf  even  better  ways  of  curing  the  ill.  Again,  his 
agility  may  permit  him  to  progress  along  all  three  paths,  albeit  at 
a  slower  rate  than  if  all  his  energies  could  be  concentrated  on  a 
single  goal.  At  a  tine  when  he  night  be  reconciled  to  such  gyn- 
nastlcs,  a  fourth  path  locns  and  nust  also  be  travelled,  that  of  ad- 
nlnistratlve  duties  alnoet  divorced  fron  one  or  nore  of  the  other 
paths.  With  nore  time,  he  finds  he  is  spending  nore  and  nore  tine 
on  one  or  two  paths,  working  little  or  none  on  the  others.  How  then 
is  he  to  be  the  ccsq^lete  physician,  disaanrted  by  his  four- in-one 
''career**?  I  do  not  tanow  the  answer,  but  part  of  it  lies  In  the  help 
and  eneouragenent  of  other  pzt>fes8lanal  pecple  who  find  thonselves  on 
similar  paths  requiring  some  agility.  If  the  travel  along  sone  of 
these  paths  coincide  between  the  scientific  professions,  all  of  the 
paths  can  be  savored  and  the  goal  still  readied  ejQpedltiously*  I 
earnestly  request  your  help  und  pledge  ny  own. 


HORTON 


CONTROL,  AMPLIFICATION,  AND  FLUIDS 


BILLY  M.  HORTON 
HARRY  DIAMOND  LABORATORIES 
WASHINGTON,  D.  C. 


When  General  Lotz  invited  me  to  come  and  speak  before  you, 

I  was  first  tempted  to  parade:  a  list  of  functions  which  can  be 
accomplished  by  a  fluid  amplification  system;  a  projection  of  things 
to  come;  and  some  discussion  of  their  applicability  to  military 
(particularly  Army)  problems.  Then  I  decided  that  •’hose  of  you  who 
have  a  strong  or  special  interest  in  this  field  may  have  attended,  or 
been  represented  at,  the  Second  Fluid  Amplification  Symposium,  held 
just  three  weeks  ago  in  Washington;  and  that  in  a  short  presentation 
such  as  this,  anything  like  adequate  coverage  of  activity  in  this 
field  would  be  impossible,  I  do  believe,  however,  that  it  is 
possible  to  present  the  '’why"  of  fluid  amplification,  that  IF:  why 
is  there  such  a  thing;  and  why  is  there  such  current  high  interest 
in  this  field?  (The  current  R6D  budget  is  several  million  dollars 
annually.)  The  short  answer  is  that  it  is  a  new,  conceptually  simple, 
method  of  control,  the  potentialities  of  which  are  being  determined 
and  exploited.  But  of  course  I  shan't  stop  with  the  short  answer. 
Instead  I'll  say  that  the  control  of  energy  lies  at  the  root  of  man's 
standard  of  living  and  use  that  as  the  starting  point. 

For  most  of  recorded  history,  the  bulk  of  the  energy  which 
man  has  controlled  has  been  that  which  he  processes  with  his  body. 

At  2500  calories  per  day,  this  turns  out  to  be  about  3  kilowatt  hours, 
or  about  4  horsepower  hours  per  day  (not  a  whole  lot),  and  most  of 
this  is  used  to  keep  him  warm. 

A  200-pound  man  walking  up  a  5% 
grade  for  a  75-hour  week  accom¬ 
plishes  about  1  horsepower  hour 
of  work.  Now  man  has  always 
been  able  to  think  of  more 
things  to  do  than  he's  had  the 
energy  to  do,  so  it  isn't  too 
surprising  that  he  began  look¬ 
ing  for  means  of  controlling 
energy  beyond  that  which  he 
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ing«st«d*  H«  hu  doMstlc«t«d  animals.  A  man  with  a  horsa 
can  ralaa  this  ’’snsrgy"  stsndss^  of  living  by  an  os^ar  of  magnitudaf 
avan  assuming  tha  horsa  works  only  a  40-hour  waak.  (By  tha  way*  an 
ordinary  horsa  would  waar  out  if 
you  insistad  that  ha  parfom 
aooording  to  a  ona-horsapowar 
spacification  (a  12S-pound  pull 
at  thraa  milas  par  hour)). 

JNlld  animals  axpand  lorga  amounts 
«f  anargy,  but  naithar  thay  nor 
cartain  stubborn  mulas  contributa 
'^o  this  ’’anargy"  standard  of  liv¬ 
ing,  bacauaa  tha  alamant  of 
missing. 

Oiractad  anary  is  what  man  naads  and  la  what  ha  wants  in 
^  ^  ^rdar  to  ao^iava  many  or  his  goals. 

Now  ha  haa  baan  a  prolific  Invantor  of  ways  to  do  this: 

_  41a  risa  uaad  windmills,  sail  boats, 

^  l^*tar  trhaals,  gunpowdar,  staam 
"Anginas,  gasolina  and  diasal 
wSsnginas,  jat  anginas,  nuclear 
^fission,  and  nuclaar  fusion  as 
~ -z^msans  of  bringing  various  sourcas 
-  anargy  under  his  control.  Ha 

1.  /  has  1;  >  an  innovator  of 

"  l*wiicuti  to  control  and  diract 
f^TP^-  tha  anargy  of  othar  human  balngs, 

’  such  as  Slavary,  sarfdom,  and  tha 
^ ^  totalitarian  stata.  Of  coursa 
~  -  Ithasa  inat/  .ions  ara  much  mora 
^';^=^on9lax  than  tha  physical  systams 
_  ;  1  just  mantionad,  but  I  roantion 

tham  bacausa  thay  raprasant  anothar  part  of  tha  long  history  of  man’s 
'effort  to  achiava  a  standard  of  living  by  augmentation  of  what  ha 
4-  alpna  can  aocoi^lish. 


HOR/Oir 


This  brihfS  us  to  ths  nsxt  qusstioni  Undsr  whst  conditions 
is  ths  cootTOl  and  dirscilon  of  sqm  sou-xs  of  snsrgy  worthwhiis? 
VsU,  it's  pMtty  obvious  that  ths  controllsd  snsrgy  ought  to  bs 
grsatsr  than  ths  snsrgy  rsquirsd  for  ths  controlling  procoss,  or,  to 
bs  a  littls  nors  sxact,  ths  rssult  accoiqtllshed  by  ths  controllsd 
snsrgy  should  bs  grsatsr  than  ths  rsaults  which  could  bs  accoi^ilahsd 
by  ths  controlling  snsrgy  acting  dirsctly.  If  this  condition  is  not 
not,  ths  systsn  hardly  sssns  worthwhile*  If  it  ^nst,  than  ths 
procsss  has  aaplifioation.  Thors  ars,  of  eoiirss,  nany  nscsssary  and 
ussful  controls  wkiTcK  do  not  havs  amplification,  but  those  witt^ 
aag>lification  havs  rscsivsd  much  mors  attention* 

If  a  string  of  controls,  each  having  amplification,  wars 
connsctsd  in  series,  then  a  small  amount  of  snsrgy  injected  as  a  con¬ 


trol  to  the  first  could  offset  ths  control  of  larger  and  larger 
amounts  of  snsrgy  down  ths  line*  In  connecting  them  together,  however 
ws  get  into  ths  problem  of  ths  "medium**  or  ths  "media"  involved  in  the 
process*  A  wlndid.ll  is  a  system  for  directing  ths  snsrgy  of  ths  wind 
so  as  to  turn  the  millstone,  but  is  not  particularly  well  suited  to 
controlling  the  flow  of  snsrgy  through  another  windidll  system*  In 
other  words,  you  can't  connect  windmills  in  cascade  vsqrwsll  because 
a  rotating  shaft  doesn't  control  wind*  This  Input-output  problem  is 
one  which  greatly  haiq>srs  any  system  when  applied  to  any  complex 
problem  (I'll  havs  mors  to  say  about  this  later). 


But  before  ws  get  too  deeply  involved  in 
cascading  of  amplifiers,  their 
use  as  controllers,  and  into 
such  things  as  feedback  systems. 

I'd  like  to  explore  a  little  fur¬ 
ther  just  what  is  meant  by  the 
term  "amplification"*  We  cam  say  1  ( 
that  a  sinple  lever  "asplifies"  1 1 

force^*  Or,  by  moving  the  pivot, 
we  can  make  it  ampli^"  displace¬ 
ment*  In  this  case,  as  with  ali 
other  simple  machines,  the  fact 
that  no  "other"  source  of  energy 
is  used  means  that  the  energy 
a]iq>lification  is  unity  or  less, 
i*e*,  no  more  work  comes  out  than 
goes  in*  Now  no  one  considers  a 
seesaw,  a  wedge,  nor  a  screw  an  ~ 

amplifier,  but  an  iiq>recise 
definition  of  amplification  might 
well  qualify  them  as  such. 


a  discussion  of  the 
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SimilATlyt  in  th«  •l«otri- 
G«1  field,  m  trenafoxniter 
can  provide  a  very  high 
voltage  gain.  Is  it  an 
an^liflar?  Since  the 
voltage  gain  occurs  at  the 
expense  of  a  reduced 
current,  it  i»  no  inore  an 
as^lifier  than  a  aeesav. 

W\'  need  a  con¬ 
cept  of  ai\'^'' •>. x fleet. i Off  which 
will  diatinfj-viah  tatwsesi 
such  things  an  electrical 
traneforner  and  a  vacuum 


tube,  between  a  hydraulic  jack  and  a  power  steering  system.  This 
concept  must  deal  with  the  ability  of  input  energy  to  control  output 
energy ,  |^e  of  this  output 

energy  titan  comes  in  as  ,own  sumv 


control  at  the  "input**.  This 


Mans  I  of  course,  that  some 


sort  of  a  power  supply  must 
be  available  to  provide  this 
^greater  amount"  of  energy. 


This  power  source  can  be 
anything  from  a  fuel  cell  to 
an  atom  bomb. 


CONTIOl 


OUTfUT 


Now  in  continuous  processes,  people  are  very  often  inter¬ 
ested  in  energy  rates «  so  we  more  often  than  not  talk  about  input 
';:I>ower«  outfit  power,  and  power  amplification,  or,  more  comnonly, 
jgoww  gein  of  an  ampli^ing  device  or  of  a  system. 


I  remember  once  when  e  friend  seriously  questioned  the 
validity  of  talking  about  **power  gain"  when  the  output  power  was  con¬ 
siderably  less  than  that  coming  in  from  the  power  supply.  There  was 
some  confusion  in  his  mind  between  the  concepts  of  "gain"  end 
**ef f iciency" .  While  the  power  gain  of  an  amplifier  needs  to  be 
gpeeter  then  one  to  attract  muen  attention ,  its  efficiency  will  surely 
£e  iess  than  one,  since  It  is  juot  about  impossible  to  modulate  or 
cental  the  flow  of  energy  by  any  means  without  some  losses  in  the 
process . 

We*ve  been  discussing  an  area  of  thought  which  has  occupied 
fMn's  thoughts  for  centuries.  And  he  has  bean  vaiv  successful  in 
achieving  the  kind  of  control  of  energy  he  dee ires.  For  example, 
hydraulic,  pneumatic,  steam,  and  electrical  controls  act  as  amplify¬ 
ing  devices,  some  giving  a  continuous  range,  end  some  giving  only 
discrete  levels  of  output  power.  Today  we  would  dess  them  as  either 
"analog"  or  "digital"  systems.  Up  until  about  a  half  century  ego, 
the  operation  of  all  these  systems  required  the  motion  of  mechanical 
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parti  to  acccmpliih  thiir  purpoiM «  Now  thara  ii  no  natural  dla- 
advantage  to  litcying  parts.  staering  wheel  serves  very  well,  and  the 
valves  it  control!  do  a  magnificent  job,  thanks  to  a  little  oil  pui^ 
attached  to  the  engine*  Similarly,  the  exciter  generator  in  a  power 
generating  station  delivers  a  large  excitation  current  to  the  alter* 
nator  with  high  efiiciency,  and  in  this  capacity,  it  is  acting  as  an 
electrical  amplifier*  This  kind  of  electrical  amplifier  is,  however, 
neither  sensitive  enough  nor  fast  enough  to  handle  very  small  radio 
signals  (often  less  than  a  billionth  of  a  watt)*  This  is,  of  course, 
where  the  vacuum  tube  came  in,  and,  as  you  know,  for  a  half  a  century 
has  dominated  the  high«speed  electrical  control  of  energy  for  purposes 
too  numerous  to  mention.  In  the  vacuum  tube,  De  Forest  combined  the 
electric  field  affects  of  Faraday  and  others  with  the  Edison  effect  to 
achieve  a  control  of  energy  which  gave  a  power  gain,  and  it  had  no 
moving  parts .  The  same  medium  was  used  at  input  and  output ;  that  is , 
electron  flow  controlled  electron  flow.  This  is  a  very  happy  state  of 
affairs  as  one  contemplates  connecting  together  many  elements  into 
coiqplex  systems. 

The  transistor  has  augmented  the  capabilities  of,  and  in 
many  cases  replaced,  the  vacuum  tube  but  has  retained  the  two  in^r- 
tant  characteristics  of:  no  moving  parts}  and  single  medium  control. 

But  this  is  enough  about  amplification  as  an  idea,  and 
enough  about  electrical  systems*  Let's  see  what  has  been  happening  to 
fluid  systems  for  a  few  hundred  years* 

The  control  valve  or  gate  in  a  water  wheel  control  system 
is  a  very  neat  and  high-gain  fluid  controller.  The  sliding  valve  on  a 
steam  locomotive  and  regulating  valve  on  a  steam  turbine  are  effective 
controllers  of  a  large  power*  The  flapper  valve  on  a  pneumatic  jack 
hammer  serves  as  an  amplifier  as  it  controls  its  supoly  of  fluid  power* 
The  capabilities  of  these  controls  and  many  others  are  such  that  if 
electrical  systems  had  not  been  developed  around  the  turn  of  the 
century,  there  is  little  doubt  that  fluid  distributing  systems  would 
have  taken  over  a  considerable  burden*  In  London,  Manchester,  and 
Glasgow,  hydraulic  power  transmission  systems  were  installed* 

Pz*e8sures  from  700  to  1600  pounds  per  square  inch  ware  employed*  The 
fluid  was  water*  Cast  iron  pipe  up  to  six  inches  in  diameter  per¬ 
mitted  delivery  of  140  horsepower  over  a  ten-mile  stretch  with  a  10% 
line  loss.  The  maximiim  horsepower  which  can  be  transmitted  over  a 
one-mile-long,  six-inch-diameter  line  at  1120  pounds  per  square  inch 
is  670  horsepower.  While  such  systems  were  expensive  to  install  and 
maintain,  they  did  operate.  Some  work  was  also  done  on  wave  trans¬ 
mission  hydraulic  systems  (i.e*,  alternating  cxirrent,  or  alternating 
flow  systems),  some  of  them  were  even  three-phase  systems. 

During  this  same  period,  pneumatic  systems  were  being 
exploited  mostly  in  France*  In  the  17th  Century,  Denis  Papin  com¬ 
pressed  air  with  power  from  a  water  wheel  and  transmitted  it  through 
tubes  to  be  used  elsewhere*  From  1800  to  1900,  many  iiiy>rovementa  in 
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ooi^prcMion,  distribution  «nd  u««  of  sir  wsrs  nsds  ss  ths  thsrmo> 
dyn^cs  Involvsd  bscsas  bsttsr  undsrstood*  Pnsumstic  syststM  bscsms 
populsr  In  nlnss  for  ssfsty  rsssons.  Ths  rssdy  svsllsbility  of  sir 
sisda  pnsuBStlct  popular  for  things  ranging  from  rock  drills  and  pnsu- 
ttstic  wrsnchss  to  railroad  braks  systsms.  Thsss  systsms  all  rsquirs 
■oving  parts  to  control  ths  air  flow.  Ths  various  valvss  ars  acting 
as  anplifisra,  sines  ths  controllsd  snsrgy.  or  powsr*  is  much  grsatsr 
than  ths  controlling  snsrgy. 

But  thsrs  was  ons  man  who  sought  to  opsrats  a  pnsumatic 
systsm  without  moving  parts.  I'd  liks  to  quota  from  ths  1947  issus 
of  ths 


"A  rsmarkabls  pnsumatic 
transmission  systsm  was 
installsd  in  1890  by 
Prisatly  in  Snaks  RLvsr 
dsssrt,  Idaho.  On  ths 
north  aids  of  ths  rivsr 
la  a  cliff f  nsarly  par- 
pandlculSTk  about  300  ft. 
high.  Ons  hundrsd  and 
ninsty  fast  abovs  ths 
rivsr I  for  a  consldsrabls 
diatancs  along  ths  cliff, 
strsams  of  watsf  gush  out 
from  bstwssn  ths  bottom  of  ths  grsat  lava  bad  and  ths  hardsnsd 

clay  of  ths  old  laks  bottom.  Prisstly . built  a  pips  lins 

down  ths  bluff  and  trainsd  ths  watsr  into  it  in  such  a  way  that 
it  carrisd  a  vary  considsrabls  quantity  of  air  in  ths  form  of 
bubblss  along  with  it  down  ths  pips,  comprsssing  it  on  ths  way. 
Ths  air  was  collsctsd  at  ths  bottom  in  a  covsrsd  rsssrvoir,  and 
taksn  up  ths  cliff  again  to  ths  lowsr  part  of  on  invsrtsd  siphon 
pips,  ons  aids  of  which  rsachsd  down  fzK>m  ths  watsr-supply  about 
60  ft.  and  ths  other  sids  rsachsd  up  and  ovsr  ths  bluff.  Allow¬ 
ing  ths  watsr  to  fill  both  sidss  of  ths  pips  to  ths  Isvsl  of  ths 
watsr-supply,  hs  admitted  his  comprssssd  air  at  about  75  lb. 
prsssurs  into  ths  long  sids  of  ths  pips  near  ths  bott'm,  and 
soon  had  watsr  flowing  upwards  ovsr  ths  cliff  and  irrigating  a 
large  tract  of  rich  lava  land.  Hs  had  mads  a  power,  a  trans¬ 
mission  and  a  motor  plant  without  a  moving  part.  A  similar  com¬ 
pressor  was  installsd  near  Montreal,  Canada,  in  1896;  another  at 
Ainsworth,  British  Columbia,  in  1898;  and  another  at  Norwich, 
Coon.,  in  1902.  Thsss  ars  called  hydraulic  air  compressors  and 
show  an  efficiency  of  about  70%.  They  ars  particularly  adapted 
to  positions  with  a  large  flow  of  watsr  with  a  slight  fall  or 
head." 
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SooM  lat«r  aditions  of  tho  Britannlco  don't  havo  this  account |  dia- 
plaoad*  praaunably,  by  aora  aodarn  tachnologlcal  davalopoanta .  But  it 
would  ba  difficult  to  find  a  mora  alagant  ayataa  than  Prioatly's, 
aspaclally  if  you  iaagina  how  badly  ha  nmst  hava  wanted  that  water  up 
on  top  of  that  plateau*  Althou^  Priaatly'a  eyatam  did  not  amplify 
it  did  ahow  a  etrong  appreciation  for  the  ein^licity  and  reliability 
of  a  no-noving-parta  ay at an. 

Haanwhilat  back  in  the  phyaica  laboratory,  Ediaon,  in  the 
United  Statea,  and  C«  V.  Boya,  in  England,  parfonsad  aoma  vary  inter- 
eating  axparimanta  in  which  they 
achieved  aound  aa^lification  by 
vibrating  an  axtramaly  fine  jet 
of  water,  then  allowing  the  jet 
to  fall  on  a  aounding  board. 

What  happana  la  that  the  jet 
braaka  up  into  droplata  whoaa 
aiaa  ia  datanninad  by  the  fre¬ 
quency  of  the  aound*  In  thia 
caaa,  the  firat  aourca  of  energy  ia  the  uurfaca  tanaion  energy  being 
Gontinuoualy  auppliad  to  the  aurfaca  of  the  jet  by  the  aourcaa  of 
praaaura.  The  jet  ia  going  to  break  up  onto  droplata  anyway,  aa  you 
know,  and  the  aound  wavaa  almply  datar^na  exactly  where  the  braaka 
occur.  The  amount  of  aurfaca  tanaion  energy  available  ia  amall,  and 
the  aound  doa^  not  hava  "full  control",  being  able  to  only  alightly 
retail  or  apaad  up  the  atraam  break-up  procaaa*  Thia  aubdiviaion  into 
droplata  than  controla  the  timing  of  the  delivery  of  the  kinetic 
energy  of  the  droplata  to  the  diaphragm,  and  the  whole  apparatua  had  a 
power  gain. 

The  varloua  waya  of  controlling  energy  which  1  have  referred 
to  ao  far  are,  except  for  the  tranalator,  more  than  a  half  esatury  old. 
The  tools  available  for  discusaing  and  analysing  them  today  are, 
however,  rapidly  improving.  Tor  example,  the  concepts  of  impedance, 
gain,  available  power,  and  the  whole  field  of  network  theory  permit 
rapid  analysis  of  most  l^iear  systems.  Our  understanding  of  system 
stability  (and  what  to  do  about  a  "hunting"  governor),  our  ability  to 
cope  with  distributed  ayatena,  cur  "black  box"  concepts,  our  treatment 
of  noise,  interference,  nonlinearity,  and  parametric  changea,  and 
above  all  our  tendency  to  look  at  all  systems  from  an  "information 
transfer"  viewpoint — all  of  these  have  warranted  taking  a  iTesh  view 
of  many  old  aysteme.  In  the  particular  field  of  fluids,  rapid 
advances  in  aerodynamics  and  hydrodynamics,  spurred  on  by  airplanes, 
bullets,  torpedoes,  rockets,  turbines  and  jets,  having  provided  a  much 
iiig)roved  urieratanding  of  fluid  flow  in  recent  years,  though  I  would 
hasten  to  point  out  that  the  basic  properties  in  fluids  pretty  well 
assure  that  analysis  on  fluid  aysteme  will  always  be  more  coc^lex 
than  the  analysia  of  similar  electrical  aya terns. 

Today  a  fresh  view  is  being  taken  of  fluid-actuated  systems, 
triggered  by  a  question  I  had  the  good  fortune  to  ask  and  to  answer. 
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That  question  was:  Is  it  possible  to  nake  an  asplifier  (onut  with  a 
power  gain)»  for  use  in  a  fluid>actuated  system »  without  the  use  of 
any  moving  parts?  Not  a  very  impressive  sounding  question.  For 
sooM  reason  it  doesn't  saem  tc  have  been  asked  before,  or,  if  asked, 
not  answered  before. 


The  answer  is,  of  course,  "yes",  and  such  an  amplifier  is 


shown  here.  All  of  you  are 
familiar  with  the  work  that 
can  be  accomplished  by  a 
,  high-speed  jet  of  fluid.  A 
fluii  amplifier  has  what  we 
call  the  power  nozzle  to 
provide  such  a  high-speed 
jet  or  power  stream.  The 
source  of  energy  is  the  pus^ 
which  supplies  the  nozzle. 

In  the  jet,  the  energy  takes 
the  fora  of  kinetic  energy 

of  translation  of  the  fluid.  The  control  nozzle(s)  determine  where 
jthe  kinetic  energy  of  this  stream  is  delivered  and  hence  control  tVie 
flow  and  pressure  in  each  of  the  two  output  apertures.  An  amplifier 
such  as  this  can  have  a  power  gain  of  from  10  to  100,  depending  upon 
what  other  characteristics  (such  a  pressure  gain  and  efficiency) 


ius  desired. 

Jet  relays  which 
had  been  used  in  the  past 
are  shown  in  the  1946  patents 
of  Braithwaite 


and  of  Todd.  Both  of  these 
permit  relative  position 
determination,  readout,  and 
control,  but  neither  of  them 
uses  the  deflected  stream 
and  neither  is  designed  to 
conserve  stream  energy  nor 
to  achieve  a  power  gain. 
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Hall  Id  2953, 


Harris  in  1955, 


and  Ha^uspn  in  1959 


Bho»  jets  deflecting  jets  for  sound  generation,  feedback  signal  inter* 
ruption  and  bottle  filling,  but  again  none  uses  the  energy  of  the 
deflected  stream,  none  is  designed  for  good  power  gain,  and  none  dis¬ 
cusses  gain  or  amplification t 
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Now  taking  anothor  look  at  a  fluid  aaplifiar^  wa  saa  that 
it  ia  aanaibla  to  connaet  tham 
in  push«‘pull»  ainco  aach  ia  a 
**baaa  daf looting**  davioa  rathar 
than  a  **baaa  atopping**  davica, 
aa  ia  a  trioda.  But  connacting 
fluid  anplifiara  ia  juat  about 
tha  biggaat  problam  in  thia 
fiald*  Thara  ara  good  raaaona 
for  tha  difficultiaat  firat, 
tha  baaic  forcaa  in  fluida  in 
action  •  aa  ahown  by  tha  Naviar- 
Stokaa  diffarantial  aquationa, 
ara  nonlinaar  (tha  inart ial 
forcaa  dapand  upon  valocity 
aquarad  and  tha  viscoua  or 
frictional  forcaa  dapand  upon 
iralocity)}  aacond,  tha  continuity  aquation  nuat  hold  (what  goas  in 
aaiat  com  out)* 

Now  thara 'a  nothing  naw  or  exciting  about  aithar  of  thaaa» 
Jbut  they  do  hava  apacial  aignificanca  in  fluid  aaplification  ayataaa. 
Nith  Moving  parta«  it  ia  aaay  enough  to  ahut  off  fluid  flow.  Without 
Mving  parta«  tha  continuing  flow  muat  ba  accoanodatad.  Without 
diaphragma  (tha  equivalent  of  blocking  capacitance  in  electrical 
=syataM)»  thia  flow  nuat  ba  aithdr  properly  uaad  or  properly  diacardad 
aJKar  ita  energy  haa  been  extracted*  The  fluid  nonlinearity  makea  it 
e  ready  converter  of  ita  ateady  (or  OC)  flow  energy  into  fluctuating 
fOTM*  You  have  all  heard  the  noiaaa  and  whiatlaa  of  fluid  jeta*  Of 
courae  electrical  ayatema  hava  their  noiaea  and  paraaltlc  oedillation 
too,  but  nowadaya  these  ara  under  pretty  good  control*  Fluid  syateina 
need  the  aaM  diacipline  and  aore,  bacauae  of  nonlinear  af facta. 

Last  you  gat  tha  inpraaaion  that  nonlinearity  ia,  par  aa, 
a  diaadvantage,  I*d  like  to  point  out  that  without  nonlinaarltiea 
eppropriately  xiaad,  neither  present  day  telephonic  nor  radio  comnuni- 
cation  could  operote.  Zn  a  fluid  as^lifier,  tha  extrema  ainplicity 
ia  a  direct  conaequenca  of  these  nonlinaaritias  and  ia  vary  closely 
associated  with  tha  vector  properties  of  a  jet  of  fluid,  without 
which  a  fluid  aiq>lifier  would  not  work. 

Much  more  work  ia  needed  to  clear  up  thia  area*  Mora 
attention  needs  to  be  given  to  the  proceaaes  by  which  stream  energy 
gets  degraded  by  the  parasite,  turbulence,  not  only  because  of  our 
interaat  in  conserving  that  energy,  but,  more  importantly,  because 
we  want  to  avoid  its  showing  up  aa  noise*  We  need  to  adopt  and 
adapt  techniques  from  the  consunications  field  which  arrange  for 
Soot  of  the  noise  to  be  generated  in  frequency  bands  not  used  by  the 
signal*  We  hava  hardly  scratched  the  surface  in  thia  area,  nor  in 
problems  of  matching  passive  components  and  transmission  lines  to  fluid 
signals  consisting  of  combined  acoustic  and  mass  transport  positions* 
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W«  h«va  bMD  working  on  «  fluid  intogrator,  th«  basic 
al«Mntt  for  an  analogue  cos^utsr.  How  well  it  is  doing  is  shown  in 
this  integration.  The  range  is  about  fifty  times  the  noise  level. 

So  you  see  we  have  much  more  work  to  do. 


TMC  4M«) 

mTGQMATOe  RCSPONSE  TO  A  STEP  MPUT-TWO  STASC  AMPL.IFKR 


You  know  that  pro¬ 
portional  aystems  can  be 
made  to  operate  in  a  digital 
fashion  by  the  use  of  feed¬ 
back.  Here  we  see  such  a 
flip-flop.  By  using  two  logic 
elements,  this  can  be  made 
into  a  scaler  stage. 


But  Ray  Bowles  and 
Ray  Warren  discovered  a  much 
more  elegant  way  to  accomplish 
bistability  and  digital 
operation.  They  did  this  by 
positioning  the  sidewalls  of 
a  fluid  ang>lifier  so  as  to 
cause  the  stream  to  attach  to 
one  side  or  the  other  by  the 
Coanda  effect,  )cno«ni  since 
about  ld32.  This  basic 
bistable  element  has  formed 
the  foundation  for  a  whole 
rash  of  digital  computer  and 
controller  work  throughout 
the  country,  and,  in  fact,  in 
a  nuiiA>er  of  foreign  countries. 


Shown  here  is  one  such  computer  in  breadboard  form. 
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Fluid  ampllfioAtioa  hu  its  ahax>«  of  sealots  (oca  jounaal 
said  '^sir  strangs  davicaa  can  do  vhat  is  now  dons  by  gsarsi  valvasi 
and  vaeuuB  tubas,  yat  thay  consist  only  of  wairdiy  ahi^d  conduits 
for  straaas  of  liquid  or  gas**). 

Than  thara  ara  othars  whoaa  rafaranca  to  a  dioda  as  a  "fluid 
control"  alaoant  and  Coanda*s  aary  fina  work  as  thougn  it  wars  a 
iisabla  aRg>lifiar,  saan  to  niss  tha  whola  point  in  achiaving  tha  con¬ 
trol  of  anargy  flow.  But  any  fiald  is  bound  to  hava  a  spectrum  of 
viawpoints.  Fluid  amplification  cax^ainly  doas,  dua  in  part  to  tha 
aixtura  of  disciplines  which  it  amploys. 

Currant  rata  of  activity  is  high.  At  tha  Second  Fluid 
Amplification  Synqp^ium  in  May*  over  fifty  papers  wars  prasantad, 
touching  such  topics  as: 


"...Dissipation  of  Energy  in  Free  Turbulent  Flows..." 

"...C\u<vad  TurbxU.ant  Mixing* »«"  .  •Ur^dercxj'cr.  Jets,,," 

"Noise  Reduction..,"  "Vail  Attachment. *." 

"...  Stability  of  Fluid  Systems"  "Acoustic  Control  of,,." 
*'Rasponaa««*to  Stop  Input"  "...Characteristics  of  Vortex  Valves" 
"Application.. .to  On-Off  Control  Systems" 

"Oavalopnant,..for  Multistage  Operations" 

"...Analog  Confutation  with  Fluids"  "...Fluid  Encoding..." 
"Application.. .to  Spaed  Control"  "...Hydrofoil  Control*. *" 
"...Pure  Fluid  Timers"  "Transient  Behavior..." 

"Interconnection  of  Fluid  Amplification  Elements" 

"Staging  of  Closed  Proportional  Fluid  Amplifiers" 


So  you  sea  people  have  a  variety  of  interests  and  objactivss. 


Probably  tha  most  intar- 
application  of  all  is 
the  Amy  Heart  Pump  which 
began  at  tha  Harry  Diamond 
Laboratories  (than  DOFL)  under 
Mr.  Woodward  with  sponsorship 
and  medical  guidance  provided 
by  the  Halter  Read  Army  Insti¬ 
tute  of  Research.  Col.  Barila 
will  hava  more  to  say  about 
this. 


■tooo 
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Mllltftzy  agpilcfttioxuB  of  fluid  eo^Uflcatloa  curx«!xt3jr  b«ine 
lnY«stlKat«d  IneludB;  loglo  and  tialng  circuits  for  ordnanecf  rocket 
thrust  TcetorlfiCt  aissilc  attitude  eoctrolj  automatic  piloting  of 
aircraft)  hydrofoil  control)  Jet  engine  control)  heart  nassaging)  and 
artificial  respiration.  It  la  a  little  early-  to  say  Just  how  fOr  this 
new  Mdiuis  will  go  in  each  of  these  fields,  but  the  inherent  advantages 
of  stnpliclty  and  xuggedness  give  strong  lapetus  to  the  work.  The 
texB  "sijqpllelty*'  above  does  not  necessarily  refer  to  the  state  of 
understanding  necessary  to  ca\ise  an  all-fluid  systsn  to  work  properly. 
In  fact,  each  device  having  sicpiifleantly  different  oharaeteriotlcs 
usually  points  out  the  need  for  additioxial  fundeaental  kxkowledge  of 
fluid  flow.  The  resxiltlng  practlcali  isgpetus  to  research  activity  is 
aided  by  the  realiaation  that  all-fluid  systens  can  "think”  in  the 
vanner  of  electronic  systens  (thou|^  not  nearly  as  fast)  and  that  full 
exploitation  of  this  capacity  requires  better  analysis  and  synthesis 
of  fluid  flow  phenonena  In  order  to  permit  more  orderly  design  of 
fluid  systems. 

The  rate  of  develonment  of  fluid  aapllfleatlon  will  depend 
heavily  upou  this  increase  in  fundamental  knowledge,  as  well  as  >von 
^ventiveness  and  ingenuity.  Its  ultimate  role  in  the  control  and 
eoBKPUtatlon  field  will  not  be  known  for  years. 
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ARMY  PARTICIPATION  IN  PROJECT  SYNCOM 


Brigadittr  General  J*  Wilson  Johnston*  USA 
Coonanding  General 

United  States  Army  Satellite  CooiBunlcatlons  Agency 
Fo#t  Monmouth*  New  Jersey 


The  SYNSOM-SATOQM  network  we  shall  discuss  today  Is  the 
newest  frontier  in  a  series  of  U»S.  experiments  using  coanunlcatlons 
satellites  to  transmit  Instantaneously  messages  sent  between  Inter¬ 
continental  ground  stations*  Both  the  Department  of  Defense  and 
private  Industry  'have  long  been  Interested  in  the  development  of  such 
a  satellite  communication  system  to  improve  long  distance  comnunica- 
tlons*  because  the  present  coamainlcatlons  systems  are  subject  to  dis¬ 
ruption  by  natural  or  man-aaade  phenomena.  Satellites  offer  a  means 
of  overcoming  these  serious  limitations* 

To  provide  some  background  for  a  description  of  the  current 
SYNOOM-SATOGM  network,  I  will  first  review  the  several  types  of  com¬ 
munications  satellites*  Satellites  fall  basically  into  two  categories! 
active  and  passive*  Passive  satellites  merely  act  as  reflectors  of 
radio  energy  received  from  ground  stations,  while  active  satellites 
contain  electronic  equipment  to  retransadt  signals. 

SLIDE  1  ON*  "SATELLITE  COItRJNICATIONS  CAPABILITY" 

This  slide  shows  both  passive  and  active  communications 
satellites*  Three  types  of  passive  satellites  are  shown?  the  earth's 
natural  satellite,  the  moon,  irtiich  has  been  used  by  the  Navy  in  their 
MOON  BOUNCE  experiments  between  Maryland  and  Hawaii;  the  ECHO  balloon 
satellite;  and,  finally,  the  Project  WESTFORD  dipole  belt. 

The  active  category  can  be  subdivided  into  medium  altitude, 
random  orbit  satellites;  and  high  altitude,  synchronous  orbit  satel¬ 
lites*  The  Army’s  COURIER,  NASA's  REL/.Y  and  the  comBercial  TELSTAR 
are  examples  of  the  former*  NASA's  SYNCOM  satellite,  vdiich  we  will 
discuss  today,  is  the  world's  first  high  altitude,  synchronous  orbit 
satellite* 


SLIDE  2  ON*  "24-HOUR  SATELLITE  COVERAGE" 
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Th«  Mxt  slid*  shoiM  th*  CO— Mnlcstlons  covsrays  obtsinsd 
using  s  ststlonsry  sstslllte  ststlonsd  st  55  dsgrsss  wsst  longltuds* 
sppxoxl— tsly  th*  originttl  position  of  SYNCXII  XI »  which  w«s  in  an 
incllnod  synehxonou*  ozhitt  fr—  aid-August  1963  until  17  M*rch  1964» 
«h*n  th*  s«t*llit*  WAS  CO— *nd*d  to  aov*  to  its  present  position  in 
th*  Pscific.  You  c«n  see  thet  with  on*  satellite  at  *n  orbital  alti¬ 
tude  of  22»300  wiles,  links  can  be  provided  to  all  th*  espitals  in 
North  and  South  A— rica,  Europe  and  Africa. 

SLIDE  3  ON.  nCDIW  ALTITUDE  OHSIT  EARTH  OQVERAGE** 

In  contrast,  th*  coverage  of  a  randow  orbit  satellite  at 
5,000  wiles  is  shown  on  Slid*  3.  Because  of  th*  lower  altitude, 
ooverag*  is  slightly  reduced.  More  iwportant,  since  this  type  of 
satellite  is  not  stationary,  the  pattern  of  coverage  is  continuously 
woving  in  the  orbital  direction.  This  mans  that  to  provide  highly 
reliable,  continuous,  worldHvid*  co— unications,  as  lumy  as  30  such 
satellites  would  be  required.  (This  disadvantage  is,  I  wust  add, 
partially  offset  by  the  relative  siapHtlty  of  a  wediuw  altitude 
satellite. ) 

The  Any  has  had  a  long  background  of  experience  in  cow- 
wunications  satellites,  and  I  —  going  to  show  so—  exscples  of  earlier 
SKpsriwants. 

SLIDE  4  ON.  *^ATELLITE  BACKGROUND" 

The  first  satellite  co— unications  experiwent  of  th*  Any, 
conducted  by  th*  Signal  Laboratories  at  Fort  Monsiouth,  N.J.  in  1946, 
was  a  project  called  DIANA,  wherein  Signal  Corps  scientists  bounced 
radio  signals  off  the  woon. 

SCORE  represents  e  later  experiwent  in  Decewber  1958,  when 
th*  Azwy  Signal  Laboratories  participated  in  Project  SCORE,  which  was 
th*  world's  first  active  repeater  type  cowwunications  satellite.  This 
was  th*  satellite  that  broadcast  President  Eisenhower's  Christ— s 

— ssage. 


More  recently,  in  Septewber  i960,  th*  Any  Signal  Labora¬ 
tories  at  Fort  Monwouth  further  advanced  th*  state-of-the-art  in 
Project  COURIER,  lAiieh  was  a  highly  sophisticated  successor  to  SCORE. 
This  was  designed  to  be  a  delayed  repeater  but  could  also  be  used  in  a 
real-ti—  wode,  and  operated  with  ground  stations  in  New  Jersey  and 
Puerto  Rico. 

ADVENT  was  a  progr—  initiated  at  about  the  sww  ti—  as 
COURIER,  but  for  a  far  —re  eowplex  stationary  satellite.  Th*  wanage- 
went  of  this  tri-service  progr—  was  assigned  to  th*  Azwy,  but  because 
of  technical  proble—  in  the  satellite  and  rocket  booster,  the  pro¬ 
gr—  was  reoriented  in  early  1962  to  the  present  wilitary  leediuw  alti¬ 
tude  progr—. 
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SLICe  4  ACT. 

Vlth  thl»  ••  •  baokgxoundt  l«t  u«  look  ot  tho  Amy  support 
of  NASA  In  tho  SYNOQM  prograi.  lindtr  a  Joint  DCD/NABA  arronpMtnt* 
tho  U»S«  Axay  Sotollito  CooMinieotiono  Agoney*  or  SATOCM  Agoney  oo  It 
Is  of  ton  colls<l»  nos  elMX^iod  with  providing  this  support  using  sssots 
dsrivsd  fron  ths  DQD  ADVENT  Projoot*  Tho  SATOCM  Agmcy  was  ersatsd  in 
1960|  and  nany  of  its  wsabors  ara  *old  hands*  who  havs  particlpatad  in 
thoss  aarliar  satsllits  eosaamicationc  projoots  that  X  havs  nantionsd* 

Ths  agoney  was  foxswd  to  provido  ths  coMunications  stations 
and  to  plant  conduct,  and  svaluats  satsllits  eoswunieations  tssts  for 
ths  Dsfsnss  CoMunieations  Satsllits  Prograw*  As  a  rssult,  it  was 
prsparsd  to  psrfoxai  thsss  functions  for  NASA's  SYNOOV  Projsct,  and  ws 
havs  snjoysd  vary  fins  woricing  rslations* 

In  dsscribing  ths  Azwy  participation  In  SYNOOM,  I  should 
liks  to  first  tall  you  about  ths  spacscraft,  which  was  built  for  and 
launchsd  by  ths  National  Asronautics  and  Spacs  Administration* 

SUDE  5  ON.  •PROJECT  SYNOOM* 

Ths  SYNOQM  spacscraft  is  a  synchronous  altltuds  satsllits* 

It  is  shown  on  this  slids*  Ths  satsllits  was  built  by  ths  Hughss 
Aircraft  Corporation*  It  is  about  26  inchss  in  diaawtsr  and  wsighs 
about  BO  pounds  In  orbit*  It  carries ,  in  addition  to  cowwunlcations 
gsar,  a  swall  *00  board*  pzopulsion  systssi  for  orbital  corrsetions* 

Ths  ground  cowwunlcations  support  for  this  proj^ict  was  ds- 
vslopsd,  snginssrsd,  Installsd  and  opsratsd  by  ths  Azwy*  Ths  cowplsx 
consists  of  fixed  tsrwinals  at  Fort  Dix,  New  Jersey  and  Cswp  Roberts, 
California,  several  transportable  terminals  and  one  ssaboms  tsndnal, 
ths  U.S*  Naval  Ship  Kingsport*  X  shall  describe  thsss  in  scow  detail* 

aJEE-On*  -FORT  DIX* 

This  slide  shows  ths  large,  fixed,  high  precision  research 
terminal  AN/FSC-9  located  at  Fort  Dix,  N*J*  Ths  Fort  Dix  station  has 
a  large,  parabolic  antenna  with  a  tracking  accuracy  of  plus  or  minus 
0*024  degress,  and  an  associated  operations  buildifkg*  Ths  antenna 
wsighs  190  tons  and  is  80  feet  hish*  Ths  diameter  of  ths  dish  is  60 
feet.  This  antenna  stands  on  a  massive  concrete  foundation  30  feet 
deep  and  84  feet  wide. 

SLIDE  7  ON.  *CAMP  ROBERTS* 

This  slide  shows  the  fixed  SATQQM  ground  station  at  Camp 
Moerts,  California,  which  is  the  electronic  twin  of  our  Fort  Dix 
station*  It  first  began  transadtting  to  the  Kingsport  via  SYNOQM  II 
on  August  8th,  when  the  satellite  first  cams  in  *si^t**  The  next 
day  in  a  public  demonstration,  messages  were  transmitted  which  set  a 
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x«eoz^  for  tlM  dlstano*  (AboMt  7700  ■!!••)  •vtr  aptrntd  b«- 
twiw  tMo  points  on  tho  o«rth*o  ourfooo  vi«  on  octivo  qo— unlcotlons 
ootollito. 


SLIM  a  on.  •USH5  KlNQSPOlir” 

Thii  tlidlt  ahono  tho  ahlpbooxd  tominol  locotod  Initially  In 
tha  harbor  of  Lagoa*  Nlgaria*  Thla  location  waa  aoloctad  bocauat  it 
la  noar  tha  aroa  ohoro  SYNOOM  first  antarod  its  aynohronoua  orbit  ovor 
oast  Africa*  thoroby  providing  a  facility  to  control  tho  aatolllta  and 
to  ooMunloato  with  it*  Tha  Kingsport  toxalnal  foaturoa  a  3>foot 
iH  Motor  antanoa  houaad  bonoath  tho  radoao*  «td  has  a  tracking  accu* 
racy  of  plus  or  almia  O.Oh  dogrooa*  Soao  fivo  and  ono->half  hours 
aftar  launch*  tha  aatollito  ms  givon  tho  final  co—and  to  placa 
Itaolf  in  a  noar»aynohrenoua  ozbitt  and  you  can  iMgino  our  rollof 
aiMn  thla  commmI  was  oxoeutad  proporly  and  wo  war#  ablo  to  aond  our 
first  awaaaga  through  tho  aatollito* 

ALme  9  CM.  *lAiaBHUI6T  TEHHHAL** 

This  alldo  shows  ono  of  our  tranapoztablo  toxwlnala*  tha 
AI^6C-44*  in  its  location  at  Lakahurat  Naval  Air  Station ,  n.J.  It 
OMS  doalgnod  to  work  with  tho  SYNOOM  aLtolllto*  and  to  provldo  tho 
wain  tozwlnal  In  tho  Uhitod  Statoa  to  work  with  tho  King^wrt*  This 
toalnal  it  capablo  of  boing  wovod  aboard  aircraft  or  ships  or  on  tho 
road*  and  la  coav>lotoly  housod  In  olovon  vans*  At  proaont*  wo  havo  an 
idontical  tomlnal  Inatallod  In  tho  Phllippinoa  in  proparation  for  tho 
laund)  of  SYNOOM  III*  Tha  antanna  raflactor  la  dlaaaaawblad  and 
haulod  on  a  aoparato  trallar*  Tho  antonna  woigha  approxlMtoly  2S 
tons*  and  whan  oractod*  la  about  40  foot  high*  Ita  dish  diawatar  la 
90  foot*  and  has  tha  eaaw  accuracy  aa  that  aboard  tho  Klngaport* 

SLIDE  10  ON.  "SYNOOM  SPACECRAFT  ORBIT  CONFIGURATION" 

I  would  now  liko  to  illuatrata  by  thla  allda  tha  joumay  of 
tha  SYNOOM  spacocraft  ainco  ita  launching  on  26  jul/  1963*  Tho  launch 
waa  frow  capo  Konnady*  than  Canavoral  (Point  l)  and  was  booatod  by  a 
Thor-Oolta  rockot*  which  carried  tho  aatollito  aa  shown  on  this  aoquonco 
dlagraai  (Point  2)  whoro  tho  final  bum  of  tho  Delta  vehicle  occurred 
and  it  waa  ooparatod  frow  tho  spacocraft*  The  aatollito  then  coasted 
for  approxiwatoly  five  and  ono-half  hours  until  It  reached  the  22,300 
wile  altitude  (Point  3),  whoro  a  solid  fuel  rockot  Moard  tho  space¬ 
craft  waa  fired  to  place  it  In  a  noar  synchronous  orbit.  Frow  that 
point*  tha  aatollito  began  to  drift  to  the  east*  but  following  a  aeries 
of  oowwands  sent  to  tho  aatollito  by  a  NASA  control  group  aboard  the 
Kingsport  at  Lagoa*  Nigeria,  the  direction  of  drift  waa  changed  to  tho 
woat*  and  on  15  August  SYNOCM  II  arrived  at  its  final  position  of  55 
dogrooa  woat  longitude,  centered  over  Brazil*  After  final  orbital 
velocity  corroctions*  it  rawalnod  at  this  nowinal  longitude  until  17 
March  1964  (Point  5).  During  tho  drift  period  the  attitude  of  tho 
spacocraft  waa  diangod  on  cowwand  to  optlwize  tho  antenna  pattern  with 
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rctp«ct  to  tht  o«rth* 

Boeauso  of  booster  llaltstloiAit  it  mss  not  possible  to 
piece  the  satellite  in  e  completely  equatorial  synchronous  orbit* 
end  as  a  result  the  plane  of  the  satellite's  orbit  is  inclined  to  the 
equator*  Therefore*  the  satellite  during  each  24  hours*  novas  back 
end  forth  ecross  the  emator  and*  with  respect  to  a  point  on  the  earth* 
traces  a  figure  eight  (Point  4).  it  always  crosses  the  equator  nt 
approxinataly  the  sane  point  each  dayt  for  exanple*  it  drifted  only 
one  quarter  of  one  degree  in  the  30  days  between  lb  August  and  14 
Septanber*  I  should  point  out  that  sufficient  fuel  is  aboard  the 
spacecraft  to  perfoxn  "station  keeping"*  or  the  naintanance  of  a 
nearly  constant  longitudinal  position  tor  a  period  of  at  least  three 
years. 

We  leave  the  radio  bsscan  in  the  satellite  on  24  hours  « 
day*  but  only  turn  the  telenetry  on  periodically  to  detendne  the 
coition  of  the  spacecraft*  All  of  the  stations  described  except 
Canp  Roberts  could  see  our  relay  station  In  space  for  24  hours  each 
day*  Caap  Rsherts  could  see  It  for  16  hours  each. day* 

On  August  23rd,  President  Kennedy  fomally  inaugurated  the 
SYNOCM-SATCCM  network  In  a  conversation  with  the  Nigerian  Prine 
Minister*  ewploylng  our  Lakehurst  transportable  tezwinal  and  our  ship 
station  in  Lagos*  Nigeria* 

Last  Septanber  we  participated  in  a  SYNOQM-RELAY  test  cir¬ 
cuit  which  provltM  voice  ccnaunicatlons  fren  Africa  to  South  Aaerica 
via  North  Aaerica*  This  was  the  first  tine  t«K>  satellites  were  linked 
in  the  saaw  circuit*  The  voice  circuit  beg^n  at  our  Kingsport  station 
in  Lagos*  Nigeria*  and  pasted  through  SYNDCM  II  to  our  L^ehurst  sta¬ 
tion.  It  then  went  by  overland  wires  to  the  International  Telephone 
and  Telegraph  Corporation's  space  station  at  ISitley*  N.J**  which 
passed  the  circuit  through  to  another  ITT  station  on  the  out¬ 

skirts  of  Rio  da  Jsnslro. 

SLIDE  11  ON.  "MARK  IV (X)  TRANSPORTABLE  TERMINAL" 

This  slide  shows  the  highly  trensportable  temlnal  acquired 
by  the  SATOOM  Agency  Juit  laet  Decesiber*  It  is  s  "breedbosrd"*  using 
mostly  off-the-shelf  components.  It  hes  a  ib  foot  segmented  antenna 
on  a  saarchlight  mount.  Its  overall  wei^t  is  undtr  nine  tons*  To- 
gethsr  with  its  crew*  it  can  ba  transported  in  one  C-130  eircreft  end 
be  set  up  for  setellite  coununicstions  in  e  few  hours*  In  spite  of 
ite  size  and  siapllcity,  it  performs  remarkably  wall  with  SYNOOM.  It 
has  bean  damonstratvd  to  reprasentatives  of  a  great  many  military 
agendas*  including  the  STRIKE  Coomand  at  Tampa,  Florida*  and  the 
Araiy  Cnnwinders  Conference  in  Naahington*  O.C.  Its  obvious  tactlcel 
potentialities  have  created  e  great  deal  of  interest. 
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SLIDE  11  OFF 

Spoctaeular  danonttratlar.*  of  th«  SYNOOM  Sattllito  Conaunl- 
cation  natarork*  doMOnatrating  its  apic*  coosBunicationa  capability  for 
tranMdttino  vole*!  t«lotyp«f  and  |^otograph«»  hiva  ovorahodowad  «tha 
very  axttnaive  and  xiiorough  axpariowntal  anglnaorlng  t«tt  progroa 
«fhich  has  boan  in  prograss  since  the  successful  launch  of  the  SYNOGM 
II  satelllter  Over  2,2^0  hours  of  ooswunications  tests  have  been 
conducted*  Tt  ese  include  fifteen  separate  types  of  tests  for  evaluat¬ 
ing  the  feasibility  of  global  cooaaunications  using  a  satellite  such  ss 
SYNCXM  II  as  a  24-hour  relay  for  voicoi  teletype,  and  photo  facsimile 
traffic  between  U.S*  Ariity  SATOQM  Agency  ground  texvinals*  These  tests, 
when  coofBletely  evaluated,  will  define  the  technical  capabilities  of 
the  SYNCOi-SATOCM  type  network  and  derive  appropriate  infoxsiation  as 
a  basis  for  future  systems*  This  test  program  Is  an  extremely  compre¬ 
hensive  one  which  will  provide  a  concept  of  the  testing  which  will  be 
required  before  a  space  communication  network  con  become  truly  opera¬ 
tional* 


The  communication  test  objectives  for  the  SYNOOM  program 
ore  to  demonstrate  that  a  synchronous  satellite  relay  system  can  pro¬ 
vide  «i  satisfactory  global  communication  link  and  to  determine  the 
overall  performance  of  these  links  in  a  number  of  communication  modes* 
-The  philosophy  upon  which  these  system  tests  were  based  is  to  maintain 
simplicity  of  operation  while  still  deriving  a  maximum  of  infomsation* 
Nithin  the  framework  of  this  philosoi^y,  it  was  decided  to  record,  on 
magnetic  tope,  all  test  signals  that  would  lend  themselves  to  this 
technique*  In  addition,  three  special  test  tapes  were  devised  which 
contained  highly  concentrated  variations  of  all  of  the  test  tapes* 
These  special  tapes  were  used  in  the  early  part  of  the  program  to  ob- 
_taln  tliiO  most  comprehensive  data  as  soon  as  possible  in  the  event  of 
on  early  failure  of  the  satellite  repeater.  Each  test  tape  included 
Its  own  calibration  tones  and  test  signals  as  well  as  a  record  of  the 
operating  mode  applying  to  that  particular  test. 

To  understand  the  variety  of  testing  required,  it  must  be 
realize  that  the  SYNOCM  ground  terminals  have  seven  operating  modes* 
These  include  receiver  band  widths,  whid)  can  be  selected  in  discrete 
steps  from  lO  kilocycles  to  100  kilocycles;  transmitter  deviationr, 
idiich  can  If  adjusted  in  discrete  steps  from  4  kilocycles  to  bO  kilo¬ 
cycles}  and  a  capability  for  accommodating  information  base  bonds  at 
either  4  kilocycles,  20  kilocycles,  or  50  kilocycles.  In  addition, 
the  receiver  is  capable  of  operating  at  a  frequency  modulation  de¬ 
tector  or  in  a  fre^ancy  modulation  with  faed  back  moda* 

Becausa  of  the  large  number  of  variables  effecting  system 
performance,  such  as  environmental  changes,  variations  In  equipmsnt 
characteristics  and  operating  conditions,  the  evaluation  of  the  data 
derived  was  made  on  a  statistical  basis*  The  tests  and  evaluation  of 
the  results  were  therefore  planned  to  provide  a  maximum  of  statistical 
information* 
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Th*  coonunication  axpariMnta  paxfoxoMd  war*  claaalfiad  into 
thret  Mjor  groups t  nanaly;  daecnstretion*  taehnical  parforaanety  and 
tachnical  charaetaristics  tasts*  Tha  daaonstration  tastsy  parformd 
primarily  with  liva  inputSy  wara  dasignad  to  dwmonstrata  qualitatlvaly 
tha  aystam  parfoxmanca  and  to  avaluata  thosa  systam  charaetaristiesy 
SiieP  as  tha  affacts  of  :ho  and  dalayy  idilch  ara  bast  maasurad  through 
usar  appraisal*  Tha  tachnical  parfortaanca  tastSy  parfomad  primarily 
with  input  signals  darivad  from  tha  praracordad  magnatic  tipas  wara 
intaiidad  to  maasura  quantitativaly  tha  systam  coamunication  parfoxst- 
anca  as  a  coonunication  link  and  provida  tha  basis  for  statistical 
analysis*  The  tachnical  characteristics  testSy  using  both  liva  and 
taped  signal  irgMtSy  wara  intandad  to  onasura  quantitativaly  tha  link 
charaetaristics. 

Whlla  tha  SYNCXDM  II  satallite  coonunication  links  could 
support  a  greatar  channal  capacityy  primary  anphasis  was  placad  on 
avaluating  tha  systam  performance  based  on  4  kilocycle  channals. 

Thusy  the  results  which  I  will  briefly  review  ara  thosa  obtained  for 
a  single  nominal  4  kilocycle  voice  channel  or  its  equivalent. 

SLIDE  12  ON.  "RESULTS  OF  OGMIUNICATIOMS  TESTS* 

This  slide  vivas  a  summary  of  tha  test  results  for  a  typical 
24-hour  period*  Tha  transmitter  power  radiated  from  tha  ground  sta¬ 
tion  during  this  test  was  10  kilowatts »  which  saturated  tha  limiter 
of  the  spacecraft  transponder y  thereby  removing  any  level  variations 
associated  with  the  up  link* 

The  first  entry  on  this  slide  gives  the  snxiasn  and  minimum 
signal  levels  over  a  24-hour  period  and  thosa  which  have  bean  cal¬ 
culated  from  tha  systam  parameters.  Agraamant  between  tha  measured 
values  and  tha  calculated  values  is  excellent  as  shown  in  the  last 
column* 


Tha  second  entry  of  tha  chart  gives  tha  maximum  and  minimum 
coonunication  signal  levels  obtained  at  two  of  tha  terminals  partici¬ 
pating  in  this  ajqparimant*  These  show  tha  normal  variations  of  signal 
level  with  range  as  tha  SYNXM  satellite  drifted  from  its  maximum 
northern  excursion  to  maximum  southern  excursion y  about  its  synchro¬ 
nous  longitude. 

In  tha  last  entry  wa  see  tha  signal  plus  noise  to  noise 
ratio  for  tha  4  kilocycle  baseband  mode  w^ich  offered  tha  best  par- 
formanesy  ranged  from  a  mean  value  of  31  db  to  a  maximum  of  40  db. 

The  mean  average  of  31  db  provides  a  communication  link  which  is  con¬ 
sidered  to  be  of  sufficient  quality  to  consistently  satisfy  an 
average  tel^hone  subscriber.  It  should  be  noted  that  an  equatorial 
synchronous  satellite  would  not  be  subject  to  these  variations  in 
aignal  level y  since  it  would  remain  fixed  both  in  latitude  and  longi¬ 
tude. 
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In  addition  to  tha  tachnical  taatif  various  dSKonstration 
and  apacial  tasts  ivara  conductad  through  SYNOQM*  Aaong  tha  w>st  sig¬ 
nificant  of  thasa  vara  in  tha  study  of  acho  supprassion  and  daisy  af- 
facts*  To  data»  round  trip  tiSM  dalays  of  about  0*6  saconds,  typical 
of  tha  circuit  lengths  associatad  with  a  synchronous  altitude  satal- 
lita  rapaatari  have  bean  theorized  by  Many  authorities  to  constitute 
an  unaccapt^la  by-product  of  synchronous  satallita  eoawunlcstlons* 
affects  can  ba  attributed  to  this  daisy*  Tha  first  is  that  a 
result  of  an  iaparfact  tamination  of  tha  hybrid  associatad  with  a 
two-adra  telephone  circuit  is  tha  generation  of  an  acho.  Whan  this 
acho  is  dalay^  by  an  appreciable  period  of  tiao»  due  to  tha  axtrsMaly 
long  circuit  length*  tha  result  is  an  alnost  intolerable  coaaninica- 
tlons  circuit*  Echo  can  ba  virtually  allMinatad  as  I  will  describe 
in  a  MOMsnt.  Tha  second  affect  is  t^t  of  tha  delay  alone*  even  in 
tha  absanca  of  echo.  This  is  an  unalterable  factor  dictated  byltha 
circuit  length  and  its  presence  nay  so  disturb  tha  psyche  of  tha 
•weraga  talker  as  to  render  tha  circuit  unacceptable* 

In  all  operations  of  the  STNDOH  cooR^ni cations  satellite 
ayataa*  involving  transitions  from  two-wire  to  four-wire  circuits, 

•ctM  aupprassors  ware  aaployad  to  aliMinata  tha  acho  which  is  attend¬ 
ant  on  ouch  transitions*  Tha  au^or  problaw  encountered  with  two-wire 
circuits  apploying  acho  sigiprassors  has  bean  directly  associatad  with 
low  levels  occasionally  encountered  on  telephone  lines*  Operation  of 
the  acho  aupprassors  at  tha  higher  signal  levels  encountered  in  nost 
«f  tha  dsMonstrations,  however,  was  coa«>lataly  satisfactory. 

Tha  psychological  affect  on  an  average  talker  of  tha  0.6 
•acond  round  trip  delay  with  tha  acho  suppressed  has  bean  tha  subject 
cf  Much  discussion.  Out  of  wore  than  1,000  participants  in  thasa 
dawonstratiwis,  only  two  cases  have  bean  observed  «^ara  talkers  ax- 
pariancad  difficulty  din  attaspting  to  speak  over  tha  spacecraft  cir¬ 
cuit  bacauaa  of  tha  peychological  affacts  of  dalay*  Thaaa  ara  con- 
aidarad  rare  and  axtrana  caaaa*  Nhat  has  baan  indicatad  is  that  if 
cn  adjuatwant  is  rsquirad,  ths  svarsga  talksr  nakss  this  adjustnsnt 
unconsciously  in  s  Matter  of  a  few  aaconde.  Thaaa  reactions  have  bssn 
i^ssrvad  without  any  prior  brisfing  of  ths  tslksr. 

1  had  hoped  to  tall  you  about  SYNOOM  III  and  tha  raaulta  of 
tha  teats  which  we  srill  conduct,  utilizing  it  as  a  coHMunication  relay. 
It  wee  scheduled  for  an  early  May  launch!  however,  tha  launch  has  baan 
daUywd  until  a  later  data.  I  wlll«  tharaforaj  only  ba  able  to  daa- 
ozlba«  briefly’,  its  aohadulad  perferManoa. 


It  will  ba  launched  to  tha  22,300-Mila  altitude  by  a  Ihruat- 
Augwantad  Delta  launch  v!d^icla,  which  will  ba  parfozMing  ite  first 
NASA  Mitaion.  Bacauaa  of  tha  incraaaad  parfoxManca  of  this  booster, 
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it  will  b«  pottibl*  to  pMt  SYMXM  Ill  into  «  noor  •<|uatorial  aynchro- 
noua  ozbit*  It  ia  a)9>actad  that  both  SYICQM  1I»  which  has  baan  drift¬ 
ing  wastward  at  a  vary  slow  rata»  and  SYIKXM  III  will  ba  positioned 
in  the  Pacific  area  and  after  a  series  of  engineering  tests  siaiilar 
to  those  that  1  have  described  for  SYNOQM  II,  both  SYNOOM  II  and 
SYNOOM  III  will  be  utilized  in  an  R&D  operational  exercise  to  sup¬ 
port  trans-Pacific  cosaamication  circuits. 

What  are  the  Inplications  for  the  Araiy  of  the  successful 
launch  of  the  SYNOQM  satellite?  This  is  difficult  to  answer  since  it 
is  the  Departnent  of  Defense,  not  the  Anay,  which  sMnages  our  eoa^ 
sunications  satellite  program.  However,  by  utilizing  SYNOQM,  the 
Arwy  is  gaining  valuable  experience  in  the  conduct  of  coonunications 
iav>loying  satellites*  Furthezwore,  with  SATOQM  fixed  stations  on 
both  the  east  and  west  coasts,  with  several  transportable  tezninals, 
and  a  BK>bile  shipbome  tezisinal  that  can  be  deployed  anywhere  in  the 
world,  we  have  in  being  now  a  smll  strategic  coansini cations  capa¬ 
bility  within  the  RSD  systeai  configuration  we  are  testing. 

We  have  been  fortunate  that  we  have  had  working  with  us  in 
this  project  the  Azvy  Electronics  Laboratories  at  Fort  MonasHith, 
srtiich  developed  the  transportable  and  fixed  ground  tezwinals.  We 
were  also  fortunate  tg  have  the  Navy  Bureau  of  Ships  develop  the 
floating  terwinal  aboard  the  Kingsport* 

atgasM 

This  entire  project  has  been  a  dssMnstration  of  cooperation, 
understanding,  and  a  whole-hearted  desire  to  isake  the  project  succeed. 
We  have  desxxistrated  technical  achlevcmnts,  effective  coordination 
between  departmnts  of  the  govemnent,  and  coaiplete  service  co<^ra- 
tion*  I  should  also  like  to  credit  the  very  important  role  played  by 
industry  in  helping  NASA  and  the  DOD  achieve  this  iji|)ortant  advance 
in  space  coonunications. 

With  such  technical  capability,  cooperation  and  respect 
aswng  the  participants,  1  aai  confident  that  this  country  will  soon 
possess  the  capability  of  having  a  world-wide  operating  coasamication 
satellite  systeai* 


SATELLITE  COMMUNICATION  CAPABILITY 


JOHNSTON 


52 


SLIDE  3 


34 


SATELLITE  BACKGROUND 


JCHWSTON 


SLIDE  U 


ROJECT  SYNCOM 


JOHNSTON 


:  vJ-; 


JOHNSTON 


JOHNSTON 


50 


SLIT)E  9 


40 


SYNCOM  SPACECRAFT  ORBIT  CONFIGURATION 


JOHNSTON 


41 


ABBOTT 


EFFECTS  OF  ALLOY  SEGREGATION  ON  SPALLING 
OF  METALLIC  ARMOR  MATERIALS 


K.  H.  ABBOTT 

U.  S.  ARMY  M/lTERIAIiS  RESEARCH  AGENCY 
WATERTOWN,  MASSACHUSETTS 


INTRODUCTION 


Metallic varmor  alloys  display  a  number  of  undesirable 
behavioral  characteristics  vhen  attacked  by  armor-defeating  amjnunition. 
Among  these  is  the  spallation  phenomena  which  is  a  process  by  which 
disks  of  armor  are  ejected  from  the  rear  surface  regardless  of  whether 
the  armor  is  otherwise  defeated.  These  disks,  or  spalls,  are  of  much 
larger  diameter  than 'the  hole  which  would  normally  have  been  formed 
in  the  armor  by  the  projectile  and  vary  in  thickness  from  about  20% 
to  ^Q%  of  the  armor  thickness.  They  may  be  ejected  with  a  suffic¬ 
iently  high  velocity  to  effect  considerable  d&mar,e  to  personnel  and 
equipment  behind  the  armor.  Obviously,  from  an  armor-protection  view¬ 
point  ,  spallation  is  undesirable. 

The  spallation  phenomenon  in  metallic  armor  itiaterials  is  well 
recognized  and  is  utilized  as  a  mechanism  for  the  defeat  cf  armor  by 
HEP  shell.  With  HEP  shell,  spallation  is  induced  by  tensile  stresses 
resulting  from  the  near  surface  reflection  o^  a  corotressive  shock 
wave  caused  by  the  HEP  shell  deformation.  Spallation  also  vccurs  in 
armor  materials  when  impacted  by  kinetic  energy  aria.-ir-piorcing  pro¬ 
jectiles  or  fragments  from  high  explosive  shel.'’  .  A  c.ypical  example  of 
sp»vlling  in  titanium  alloy  armor  under  attack  by  kinetic  energy  pro¬ 
jectiles  is  contained  in  Figure  1.  In  these  cases,  shock  waves  are 
usually  not  involved  but  elastic  wave  propagation  in  the  armor  usually 
provides  the  stress  field  in  which  spallation  develoos., 

Regardless  of  the  terminal  ballistic  situation  in  which  it 
occurs,  spallation  is  a  fracture  process.  All  fractures  are  character- 
ize<J  by  a  fracture  origin  and  some  particular  fracture  path  which  is 
dependent  on  the  stress  field  and  inhomogeneities  which  usually 
exist  in  metals.  The  fracture  origins  are  located  at  discontinuities 
in  the  metal  which  cause  stress  intensification.  In  alloys,  these 
discontinuities  may  exist  in  the  form  of  inclusions,  small  voids, 
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grain  boundary  defecta,  or  other  iwtallurglcal  dlacontlnultiea  where 
high  realdual  atreae  gradients  exist.  A  typical  tensile  fracture 
origin  located  at  a  nonmetallic  inclualon  la  contained  in  Figure  2.(1) 
Once  a  fracture  originates  it  uai’ally  propagatea  along  a  preferred 
path  requiring  low  energy  absorption  as  long  as  the  direction  oi  pro¬ 
pagation  if  compatible  wltli  the  stress  field  which  Is  providing  the 
fracture  driving  force.  Examples  of  low  energy  preferred  fracture 
paths  are  metallurgical  grain  boundaries,  dendrites  in  castings,  and 
alloy  segregation  bands  in  rolled  plate  such  as  those  illustrated  in 
Figure  3.  Since  spallation  begins  under  tensile  stress  perpendicular 
to  the  armor  plate  surface,  fractures  propagate  parallel  to  the  armor 
plate  surface.  As  the  crack  propagates,  however,  b6ndlr.g  moments  and 
shear  stresses  develop  which  turn  the  fracture  direction  normal  to 
the  plate  surface  to  complete  the  spallation  process. 


One  way  to  minimize  spalling  in  armor  alloys  is  to  make  them 
softer.  This  permits  energy  absorption  by  plastic  deformation  of 
the  metal  even  if  fractures  develop.  However,  reducing  the  strength 
of  armor  metal  also  r^uces  its  resistance  to  penetration  by  armor- 
piercing  projectiles  '  '  and  is  undesirable.  Another  way  to  minimize 
spalling  is  to  reduce  the  mnnber  of  fracture  origin  sites  emd  low 
energy  fract\ira  paths  which  exist  in  the  metal.  This  paper  is  con¬ 
cerned  with  the  second  of  these  two  alternatives  and  is  restricted  to 
spallation  under  kinetic  energy  projectile  attack. 


Whan  steel  or  titanium  alloy  ingots  of  non-eutectic  composi- 
■"tion  solidify,  dendrites  are  formed  during  the  freezing  process. 

These  dendrites  have  been  characterized  as  "pine-tree  like"  in  shape 
as  is  evident  from  the  photograph  of  a  steel  armor  casting  dendritic 
structure  in  Figure  4.  For  information  on  the  morphology  of  dendrites, 
the  reader  is  referred  to  another  paper  given  at  this  conference  by 
Ahesrn  and  Quigley.'-’'  A  few  general  comments  about  dendritic  struc¬ 
tures  will  be  made,  however,  because  of  their  relevancy  to  fivacture 
;d.n  general  and  the  spallation  phenomenon  in  particular. 

During  the  dendritic  freezing  process,  the  dendrites  freeze 
prior  to  the  interdendrltlc  volumes  and  with  a  lower  concentration  of 
solute  atoms.  This  concentration  difference  can  be  as  great  as  a 
> factor  of  20  or  more,'^’and  it  is  net  at  all  uncommon  in  steel  for  the 
concentration  difference  to  be  as  great  as  a  factor  of  4. ^')  Hence,  the 
dendrites  are  of  significantly  leaner  alloy  content  than  the  inter- 
dendritic  volumes.  When  dendritic  growth  ie  essentially  complete,  the 
remaining  metal  in  the  intend endri tic  volumes  solidifies.  When  this 
occurs,  liquid  notal  feeding  to  these  volumes  is  inhibited  the 
dendrite  arms  and  microporosity  forms.  Examples  of  these  small  voids 
which  are  potential  fracture  origin  sites  are  contained  in  Figure  5. 
Also  evident  in  the  figure  are  dendrites  (light  areas)  and  Interden- 
dritic  volumes  (dark  structure).  Another  type  of  potential  fracture 
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orlgla  site,  inclusions,  generally  float  in  the  liquid  metal  \intll 
they  are  t'rozen  in  place  and,  as  a  result,  tend  to  occur  predominantly 
in  the  interccndritic  volumes.  Figure  6  displays  eevertl  ^..^11 
inclusions  (vhite)  in  an  interdendritic  volume  (black  area) .  Micro- 
porosity  and  inclusions  which  become  distributed  in  an  ingot  during 
solidification  always  remains  in  spite  of  forging,  rolling,  or  other 
deformation  processes. (^)  Inclusions  tend  to  become  elongated  during 
working  of  an  ingot  into  plate  form,  and  microporosity  becomes  very 
difficult  to  locate  as  a  result  of  the  working  deformation,  Micropor¬ 
osity  and  Inclusions  then  can  be  considered  as  Incipieni^  fracture 
origin  sites.  Alloy  segregation,  on  the  other  hand,  theoretically  can 
be  removed  from  an  ingot  through  diffusion. 

In  steel  castings  and  ingots,  homogenization  treatments  have 
been  employed  historically  to  permit  alloy  diffusion  into  the.den- 
driter.  Such  treatments  have  been  singularly  unsuccessful.'®^ In  large 
steel  castings  and  ingots,  the  dendrite  arm  spacing  (the  distance 
through  which  diffusion  must  take  place)  is  usually  between  300  and 
1000  microns,  except  for  surfaces  which  have  smaller  dendrite  spacings 
because  of  solidification  under  high  thermal  gradients.  The  coeffic¬ 
ients  for  diffusion  of  nickel,  manganese,  and  chromlvun  in  iron  are  such 
that  for  complete  diffusion  to  occur  over  these  distances,  several 
hundred  to  several  thousand  hours  at  temperatures  of  2100  F  to  2300  F 
would  bo  required. Such  a  time-temperature  situation  is  economically 
impractical  and,  as  a  result,  steel  and  titanixim  armor  ingots  contain 
alloy  segregation  as  well  as  ricroporoslty  and  inclusions  as  a  result 
of  ingot  solidification. 

SPALUTION  IN  CAST  STEEL  ARMOR 

Large  steel  arinor  castings  such  as  M-60  tank  turret  or  hull 
castings  receive  no  mechanical  working  but  are  given  a  liquid  quench 
and  temper  heat  treatment.  Lean  alloy  steels  are  employed  for  cast 
steel  armor  as  a  result  of  the  World  War  II  alloy  conservation  progiam. 
These  castings  have  a  very  coarse  dendritic  structure  with  the  spacing 
between  dendrite  arms  of  about  500  to  800  microns  with  a  large  amount 
of  microporosity  present.  (Micropores  are  smaller  than  the  resolution 
limit  of  X  rays  used  to  Inspect  the  castings  and  are  not  detected  by 
this  technique.)  Because  of  the  coarse  dendritic  structure,  alloy 
segregation  associated  with  dendritic  growth  is  very  evident  and  is 
not  removed  by  commercial  homogenization  treatments.  The  alloy  con¬ 
tent  difference  between  dendrites  and  interdendritic  volxuoee  results 
in  a  hardenability  difference  during  the  quench  and  temper  heat  treat¬ 
ment.  Evidence  of  this  hardenability  difference  is  contained  in 
Figure  7,  where  the  higher  alloy  interdendritic  area  (dark)  has  a 
much  higher  hard ness, because  of  its  higher  alloy  content,  tha».  the 
surrounding  dendrites.  The  casting  area  contained  in  Figure  7  is 
about  2  inches  below  the  surface  of  an  M-60  turret  easting  where  the 
section  thickness  is  about  5  inches.  In  Figure  8  are  views  of  a  den¬ 
drite  in  the  same  casting  location  and  the  mlcrostructures  of  both 
the  dendrite  and  adjacent  interdendritic  volume.  Notice  that  the 
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Interdendrltic  volumee  vlth  their  high  alloy  content  are  quenched  to 
a  narteneitic  microetructure  vhich  is  deeired  in  steel  armor.  However, 
the  dendrite  vlth  its  lover  alloy  content  contains  significant  amounts 
of  bainitic  mlcrostructure. 

A  martensitic  mlcrostructure  is  desired  In  steol  armor  since, 
at  low  ambient  temperatures,  martensite  provides  much  ^re  resistance 
to  crack  initiation  and  propagation  than  does  bainite.'’^)ln  heavy  steel 
armor  castings,  however,  at  depths  greater  than  about  1-1/2  inch  below 
any  stirface,  martensite  is  present  in  interdendritic  volumes  with  the 
dendrites  containing  balnlte.  Hence,  when  ballistic  impacts  are  made 
on  these  castings  at  sub-zero  temperatures,  the  dendrites  serve  as  low 
energy  absorption  fracture  paths.  Since,  in  these  casting  areas,  the 
dendrites  are  oriented  heterogeneously,  cracks  can  propagate  in  almost 
any  direction.  That  they  can  propagate  in  a  favorable  direction  for 
spallation  is  evident  from  the  many  spalls  which  have  been  observed . 
These  crack  surfaces  have  a  very  rough  texture  caused  by  the  crack 
propagating  along  one  dendrite  arm  and  then  Jumping  to  an  adjacent 
dendrite.  When  viewed  at  higher  magnification  (Figure  9),  the  rough 
texture  is  evident,  as  is  the  dendritic  nature  of  the  spallation  crack 
process. 

Spall  crack  initiation  sites  in  cast  armor  are  extremely 
difficult  to  detect,  but  these  sites  in  general  are  discontinuities 
which  are  responsible  for  stress  intensification.  Microporosity  and 
inclusions  are  present  in  these  castings  and  are  most  probably  the 
spall  crack  origins.  In  any  event,  solidification  phenomena  such  as 
alloy  segregation,  microporosity,  and  Inclusions  provide  both  the 
fracture  origin  sites  and  low  energy  fracture  paths  which  result  in 
spallation  of  the  castings  under  ballistic  test  by  kinetic  energy 
projectiles  at  sub-zero  tempera t\ires. 

WROUGHT  STEEL  ARMOR 

When  a  steel  ingot  is  processed  to  billets  and  finally  to 
plate  form  (1/2  to  1  inch  thick),  it  undergoes  extensive  deformatjon 
at  moderately  elevated  temperatures.  Such  severe  working  breaks  up 
the  dendritic  structure  and  rearranges  the  alloy  segregation  such 
that  it  becomes  manifest  as  a  banded  structure  similar  to  that  con¬ 
tained  in  Figure  3.  One  might  assume  that  such  working  would  effect¬ 
ively  reduce  the  distance  through  which  segregated  alloy  elements 
would  diffuse  and,  hence,  homogenization  treatments  could  eliminate 
the  alloy  segregation.  However,  recent  work  '5) has  shown  that  even  in 
steels  reduced  by  working  by  a  ratio  of  about  3000  to  1  the  severity 
of  alloy  segregation  is  not  reduced  significantly  from  that  of  the 
original  cast  structure.  Wrought  steel  armor  plates,  then,  contain 
alloy  segregation  bands.  Although  they  are  not  easily  visible,  the 
casting  micropores  are  also  probably  present  as  very  thin  crack-like 
defects.  With  deformed  inclusions  and  micropores  present  in  the 
iirought  plates  and  banded  structures  containing  alloy  segregation,  both 
potential  spall  crack  origins  and  low  energy  absorption  planes  parallel 
to  the  plate  surface  are  present. 
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An  example  of  epallatlon  aeeoclated  with  banding  in  air- 
Belted  hot-rolled  rteel  amor  is  contained  In  Figure  10.  Since  this 
alloy  is  ptrengthened  by  solid  solution  hardening,  mlcrohardneas 
variations  from  one  band  to  the  next  are  very  evident.  Notice  that 
the  hardness  difference  between  light  and  dark  bands  is  about  a  factor 
cf  2.  It  is  also  interesting  to  note  that  the  spacing  between  adjacent 
band  centers  is  about  6C0  to  800  microns  which  Is  equivalent  to  the 
dendrite  am  spacing  usually  found  in  large  low  alxoy  steel  ingots. 

New  techniques  for  obtaining  and  controlling  higher  purity 
steel  melts,  such  as  vacuum  melting,  have  little  effect  on  alloy  segre¬ 
gation  since  the  segregation  arises  during  freezing.  An  example  of 
spallation  in  vacuum-melted* steel  armor  is  contained  in  Figure  11. 

This  maraging  steel  was  double  consumable  electrode  vacuum  melted,  yet 
both  spallation  and  alloy  segregation  banding  are  evident  in  the 
figure.  Since  this  steel  is  strengthened  by  precipitation  hardening 
rather  than  solid  solution  hardening,  no  hardness  variation  between 
adjacent  bands  is  evident.  There  is  probably  a  difference  in  precipi¬ 
tate  concentration  between  adjacent  bands  due  to  alloy  segregation, 
but  the  precipitates  are  eo  small  that  they  are  difficult  to  detect 
even  with  electron  microscopy. 

Both  examples  (Figures  10  and  11)  of  spallation  in  rolled 
steel  armor  occurred  d  Ing  ballistic  tests  at  room  temperature  and 
would  probably  be  much  more  severe  at  sub-zero  temperatures  due  to 
the  ductile-brittle  fracture  transition  in  martensite. 

WROUGHT  TITANIUM  mm. 

That  spallation  is, also  a  problem  in  wrought  titanium  armor 
is  evident  from  Figure  1.^8)  All  titanium  alloys  are  double  consumable 
electrode  vacuum  melted.  In  addition,  since  the  Interstitial  elements, 
C,  H,  0,  N,  cause  severe  embrittlement  in  titanium  alloys,  they  are 
held  to  very  low  concentration.  With  low  interstitial  contents, 
inclusions  are  also  minimized.  Alloy  segregation,  however,  is  still 
evident  through  dendritic  growth  and  exists  as  a  banded  structure 
after  hot  working  to  plate  form. 

A  typical  t®ndg<?  structure  in  titanium  alloy  armor  is  dis¬ 
played  in  Figure  12.^6)  The  6A1-4V  alloy  is  strengthened  by  solid 
solution  hardening;  and,  as  a  result,  rather  large  hardness  differ¬ 
ences  exist  between  bands.  The  light  bands  in  the  figure  are  harder 
than  the  dark  bands  with  the  hardness  difference  between  adjacent 
bands  as  large  as  13  points  Rockwell  C.  Generally,  the  harder  bands 
have  less  resistance  to  crack  propagation  than  the  soft  bands,  and 
spall  cracks  would  be  expected  to  propagate  in  the  white  bands. 

Evidence  of  such  crack  propagation  is  contained  in  Figure  13^®Jwhero  a 
spall  crack  la  shown  propagating  in  a  white  band. 

Although  this  paper  Is  concerned  primarily  with  epallatlon 
and  Ita  relation  t> alloy  segregation,  inclusions  are  significant 
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contribitors  to  ths  spallation  phenomena  In  titanium  alloy  armor. 

Even  vith  the  carbon  content  held  to  a  maximum  of  0.02  weight  percent, 
titanium  carbide  inclusions  form  and  appear  to  concentrate  in  the 
whits  banded  layers.  In  Figure  14  is  a  photograph  of  a  titanium 
carbide  inclusion  aligned  with  a  epall  crack  in  6t&l>4V  titanium  alloy 
armor.  The  presence  of  elongated  hard  particles  vuch  as  these  con¬ 
tribute  to  the  propagation  of  cracks  during  the  spallation  phenomena, 

SUMKARY 

Several  illustrations  of  the  spall  crack  propagation  in  cast 
and  wrought  metallic  armor  alJoys  have  been  presented.  Dendritic  or 
banded  structures  resulting  from  alloy  segregation  during  solidifica¬ 
tion  of  the  metals  have  been  shown  to  be  related  to  spall  crack  propa¬ 
gation.  Neither  working  nor  short-time  homogenization  treatments 
significantly  effect  the  alloy  segregation.  Hence,  minimization  of 
the  banding  (alloy  segregation)  appears  to  be  dependent  on  a  better 
understanding  of,  as  well  as  control  of,  the  solidification  process. 
The  Amy  Steel  Castings  Research  Program  has  been  initiated  by  AMiA 
to  study  solidification  phenomenon  in  steel  castings.  Results  from 
that  program  will  be  of  importance  to  both  cast  and  wrought  armor 
alloys  where  minimisation  of  alloy  segregation  will  reduce  spallation 
and  lead  to  the  development  of  alloys  with  increased  resistance  to 
penetration. 
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Figurt  i.  NICROPOROSITY  IN 
CAST  STEEL  ARMOR 


Figure  7.  NARONESS  VARIATION  IN 
CAST  TORRFT  test  BLOCK 
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Figure  6.  INCLUSIONS  AND  ALLOY 
SEOREQATION  IN  CAST  TURRET  TEST  BLOCK 


Figure  8.  MICROSTRUCTURES  OF  DENDRITIC 
AND  INTERDENDRITIC  VOLUMES  OF 
HEAT-TREATED  CAST  STEEL  ARMOR 
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F«g jrt  0.  FRACTURE  THRU  OEND  ITE 
NEAR  CERTER  OF  S'lNCH  SECTION 


Figure  10.  SPALL  FRACTURES  AND 
lANOED  STRUCTURE  IN  AIR- 
MELTED  ROLLED  steel  ARMOR 


Fifurt  II.  SPALL  FRACTURES  AND 

ianoed  structure  in  vacuum- 
melted  STEEL  ARMOR 


Figure  12.  MICRONARONESS  SURVEY 
ACROSS  HEAVILY  BANDED  2 -INCH 
Tj-6A|.i|V  ARMOR  PUTE 
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In  the  coaparatlyely  short  time  hetveen  Vorld  War  II  and  the 
present,  the  re^olresients  of  military  conronleatlon  and  snrreillance 
systems  hare  not  only  become  more  complex  bnt  also  have  been  Increas¬ 
ing  at  a  fantastic  rate.  As  a  result,  ve  rec^uire  OlIt  traxismlttlng 
systems  to  deliver  larger  amoonts  of  power  and  our  recolvlng  systems 
to  be  extremely  sensitive.  To  date,  rectangular  waregolde  has  been 
utilized  primarily  from  1000  me  and  t^,  in  vlev  of  Its  low-loss  char¬ 
acteristics  and  hlfiji  poser  capabilities.  However,  when  the  tranaads- 
sion  line  distance  over  •idiich  ml  cresave  energy  must  be  transmitted 
from  one  x>oint  to  another  becosu^s  appreciable,  rectangular  vaveguide 
ceases  to  be  efficient.  Por  ex8nQ>le,  if  one  used  rectazigular  wave¬ 
guide  to  transmit  a  signal  over  a  distance  of  100  feet  at  9^00  me, 
half  of  the  power  would  be  lost  in  the  waveguide,  which  is  very  costly 
when  one  is  considering  hl^  power.  The  converse  is  also  true.  When 
a  low  level  signal  has  to  be  transmitted  from  the  antenna  to  the 
receiver  complex,  mlnlistn  attenuation  is  not  only  required  from  the 
loss  point  of  view  but  also  from  a  consideration  of  the  overall  noise 
figure  of  the  receiving  systam.  Hence,  another  type  of  transaisslon 
line  is  required  to  satisfy  the  requirements  of  these  systems. 

Inveetigators  have  been  seeding  other  efficient  types  of 
transmission  lines  for  years.  Among  the  many  varieties  of  such  lines, 
the  circular  wavegoide  offers  some  exceptionally  attractive  features. 
The  Tloi  mode  of  the  circular  waveguide  not  only  offers  the  mlnimcm 
loss  characteristics  of  the  ujorlby  of  tranmaission  lines,  but  its 
high  power  espabillties  are  superior  to  o-^hers.  For  example,  at 
9000  me  this  vavsgnide  offers  a  loss  of  db  per  100  feet  or  13it 
of  the  loss  of  rectangular  waveguide.  Its  hl^  power  capability  is 
spproxlmately  sarsn  times  that  of  rectangular  'yaregnlde.  Ohforttn^ 
ately,  this  mode  is  not  the  dominant  mode  and.  other  modes  can  propa- 
guta  in  the  line;  such  mode  comrersion  will  be  reflected  as  an 
additional  loss,  lovever,  if  ext^reaw  care  is  taken  in  the  design 
and  fabrication  of  circular  waveguide  components,  these  modes  will 
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Mt  b«  •x8lt«d  ud  tk«  9t  alii—  1ms  vlU  Im  ■slstalasd* 

at  mmJBK,  hen  tbs  ai«<&sts£es  cf  eirealar 

vaTsgslds  nsupaunsis  for  fplto  ssao  tlas*  Vs  kars  coadsetsd  sssoral 
ixvostliatiOBs,  sactsraally  sad  laWraalljr^  to  doslfa  snprovrlats 
ooBpoasata.  fhls  pspsr  dlsoosMs  tso  yartieiilar  olrealar  saTscalda 
esapcsasts^  skiek  irs  at  ISnUSUSSSt  kaTs  dsrrslopad  iatcmallj*  fiM 
9^0  rsetaafnlar  oarsgnida  to  B§i  olroalar  oaTSCidds  irsasdscar/ 
aad  tka  ThU  fsrrita  Isalatar. 


Sm  CMat  ■sjorltgr  sf  laasaat  d^r  ■Ici'osars  posar  sooreas 
ara  caljr  asaUaibla  la  raetmpAar  aaTOfalda  aatipats,  oparatlag  la 
tka  daslaant  S^o  —*s  (VVlqT*  Wm»ep  txaasdaears  ara  ratolrad  to 
traasfoxB  tka  alerosasa  aaargy  trcm  tkis  aoda  la  faetaagalar  sara- 
gaida  to  am  Slqi  asda  la  elrc«alar  aacracalda  (SEqi).  Vvrtkaxaora, 
slaeai  llasarly  folarlaad  aosac  ara  lOfalrad  at  tka  aataaaa  for  radio- 
tlan  of  tka  daslrad  al9Mil>  traaadasars  ara  als^  refalrad  at  tke 
SMtttana  to  caasai't  Um  aoda  kack  to  tka  aDda.  SMoa  traaa- 
teears  anat  ba  aot  aaly  covact,  kot  effielcat*  Sm  praaaaea  of 
otkar  aodaa  aaat  ka  at  a  alalam,  ar  tka  transdoear  auat  bars  a  klgk 
aoda  pnrltar.  Va  at  VFtftlUffiL  ratalre  that  all  elrealar  aasagalda 
oaapooaata  arhlklt  a  aoda  porltj  of  at  laaat  20  db*  Ikat  la^  tka 
poaar  laval  of  all  tke  spurloas  aodaa  f oo^  In  tka  sTstsa  aost  ko 
at  laaat  20  db  balov  tka  laral  of  the  Hoi  aoda*  Oar  pwrtleolar  ra- 
galraiaat  was  sock  that  va  foaad  It  naeasaazy  to  davalop  a  broadbaad 
tranadocar  vhleh  vaa  oooQpaet,  oparated  over  a  12)i  baadsldth  eaatarad 
at  7*3  kae  vitk  a  78RH  of  1.2tl  aartaai  and  vltk  a  aoda  porltgr  af 
SO  db  alnlawa* 

Tarloos  asproaekaa  vara  atvdlad  aad  eaaaldare^  to  datamlna 
tka  bast  sipproack  la  tka  davalops  at  of  tka  raqo^Lrad  to  S^ 
traasdaear*  Sm  daslgn  vhleh  a  grafioal  tranaitloa  frea  rac« 

taagolar  to  circular  vavagolda  throafk  aaetor  aaetlona  vaa  raTlavad^6) 
Sils  daai0ft  offarad  an  nxtrwasly  lov  fSWB  ovar  a  vlda  kaad  of  fra- 
gUOBolas;  hosarar,  tka  traasdaear  aot  only  vaa  long  but  its  aodal 
eontaat  vaa  suck  that  tka  aoda  parity  of  tka  dsrlea  vaa  In  the  order 
of  15  db.  Sm  n£x  pramllad  la  this  design.  A  aoda  filter 
ooold  have  baaa  lasartad  la  the  Una  to  lagprore  tke  aode  purity; 
kovavcr,  this  voold  aot  only  rapraaant  a  loss  but  resonaneea  aay  also 
ooour  la  tke  line  vhleh  are  not  dealzable.  Another  design  vhleb  vaa 
atadled  in  detail  vaa  tke  tecbrlqae  of  laaneklng  the  desired 
aoda  ky  acana  of  four  rectangular  vavagnjdaa  and^-l  lag  the  circular 
vavegolda.  Sarreml  aodels  vara  daalgnad  and  fabricated;  hovarar, 
even  though  the  aoda  purity  rasulte  IcOkad  ancooraglng  the  TBHB  af 
tka  unit  vaa  prohlbltira.  After  several  studies  va  daoldod  to  broad¬ 
band  a  traasdaear  davalepad  several  years  age  for  VBA11jR1&.  (l)Sd.8 
unit  bad  a  alnlana  aode  parity  of  20  db;  kovoTur^  Its  bandvldth  vas 
ooly  based  on  a  TSVR  of  1.2tl  aaxlaMi.  Sra  dealga  conaistad  of  a 
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••ctlott  «f  clreulAr  VN^nBcaldc  vlth  it*  loo^tuAlitfd  uCL*  iHirp«ndieu3«r 
to  th«  **b*'  diiMiUPiOB;  of  two  p(trftll«l  r*ctawtn1  ar  wTvgald**  ft*  chova 
la  Tlgor*  lA*  Zbe  tvo  vaTegolde*  ar*  eotq^led  togstlMr  l^r  sa  array  of 
roar  i*e*oiiant  •lot*  a*  tjwvs  in  FieBre  lb. 

Qi0  oricBt&tion  of  th*  iri*«*  of  the  abore  dasoribad  trai&a» 
dncar  allov*  tvo  |>Cilarlfatlona  of  ■acnatlo  field  to  ooapla  to  the 
«i^;cvlar  eavasaida.  One  polarlaatlon  la  a  desired  aasDetic  field  for 
TSqx  propeipatioa,  ahlle  tJM  other  seta  a  aode  in  the  circular 
vaTesolde  other  than  the  TBol*  Bxerefcre,  the  coivllaK  of  thla  me- 
wanted  aa^^tlc  field  into  the  circular  wngai^B  haa  to  be  lahlbitod 
to  achieve  a  pure  laode.  In  the  abore  awntloaad  nodal,  this  was 
doee  by  uaiae  a  tU.dt  iris  plate;  hoverer,  thla  doereaaed  the  aacootlc 
cospllng  ahioh  roaulted  in  aa  iacroaae  in  iaaertion  loss. 

In  order  to  elininate  the  uaeaeRted  nasnetlc  field,  we  felt 
that  a  BOV  slot  oriestatioa  ^bcrald  be  enploa^.  Sex^ce  tha  •aoaetry 
of  tha  tranadncor  vae  changed  to  that  of  a  "cn»aa>gaide*  to  yield 
only  one  axis  of  polariaation.  Figure  2.  The  top  of  tho  eross»gaide 
block  vaa  dealgnod  to  accept  an  iris  plate  and  the  ou^n.t  circular 
uaregnlde  ulbose  rocoanendad  dlaawter  for  thla  frequency  range  ia 
2.625  inehea  la  dlwMtez*.  Boverer,  thla  else  of  uavegaide  ia  tibia 
to  ponopagata  the  Bhf  node  and  th<  alot  eonfignration  of  tha  iriaaa 
is  such  that  tho  nairwOT  be  dereloped.  leaca,  a  analler  ai£a  of 
circular  waregalde  had  to  be  wood  at  Vaa  output  ao  that  tha  node 
will  ba  belov  ovt-Kiff .  A  short  tagtor  waa  than  utillaed  to  tranafom 
the  diaMoter  of  the  circular  iwreguide  to  the  desired  2.625*.  Since 
the  unit  was  to  operate  from  7  to  8  kne,  the  croaa-gaide  block  was 
fabricated  using  the  basic  waregalde  dlnesaiooa.  It  nay  bo 

obaerred  fron  Figure  2,  that  the  unit  la  fed  by  two  roctaagalar  waTO* 
guides  with  the  oppoeite  ends  being  terainatad  in  short  circuits.  A 
•optun  la  so  arranged  as  to  nalntain  the  identity  of  the  too  trana- 
nlaaion  lines,  each  one  haring  two  Iriaea  spaced  half-argaldo-umre- 
length  apart  fron  the  center  of  each  Irie.  Inorgy  le  transferred 
frois  X  e<g Mmyi-i-wx'  w^TaguldsB  throufdi  these  irises  to  the  circular 

unruguide  by  nagnetlc  ooupling.  An  electric  field  rector  appears 
across  each  Iris  such  that  the  VSqi  nods  is  derelcped. 

If  the  two  plane  uaree  uhich  Merge  into  the  eroaa-goide 
block  are  in  exact  ihaae  and  nagnltude,  and  ao  dlseontiaultles  or 
bbatroctlons  occur  fron  tha  block  to  the  circular  varegulde,  the 
electric  field  vectws  acroee  the  irises  vUl  be  eqnal  in  nagnltude 
and  hence  a  pore  TEq]^  node  rill  be  excited.  If  on  the  other  hand 
all  of  the  short  conditions  are  not  net,  the  electric  field  rectors 
vlll  not  be  equal  in  nagnltude  and  other  nodea  viU  be  excited,  de* 
pextdlng  the  electric  field  rector  dletrlbutlon.  Cie  theoretical 
aasalysle  for  the  prediction  of  the  exact  nodal  content  in  thla  trans¬ 
ducer  is  not  only  rery  ccgplex  but  not  arailtible.  In  rlev  of  this, 

«e  felt  the  only  way  to  derelop  the  required  transducer  was  by  ea^lr- 
leal  naans.  Since  both  transducers,  the  cross-guide  and  that  of 
Figure  1,  utilise  Iriaea  in  the  aeae  nanaer  to  axoite  -Uie  ^qq,  ande. 
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It  v§M  tliat  the  Irlc  piste  ehould  not  be  chsaced.  lence,  the 

dheenelone  of  the  irleee  vere  ecsled  from  those  need  in  the  trene* 
ducer  of  Fisure  1. 

To  detemine  the  effect  of  the  bend  section  within  the 
cross-guide  blocks  TSWB  tests  vere  conducted  on  escb  side.  The 
resultsut  FBVF's  vere  not  eccepteble.  It  vss  apparent  that  the 
cornsrs  within  the  block  were  sariouslx  contributing  to  the  VSWR. 
Bence,  we  proceeded  to  niter  these  comers  in  descrete  steps. 

Optia«  results  were  o'jtsined  when  the  ”b"  dlnension  of  the  recteng- 
alar  wnreguide  was  aainteiiied  through  the  bend  to  the  short  circuit. 
The  results  of  the  tests  are  given  la  Table  I. 


TABLE  I 


BKQLIB  OF 

MITXBJBO  OORB1I6  OF  CRQe8-C.UlBB  BLOCK 

Fredoencr 

FSVR  Side  1 

TSVR  Side  2 

T.O 

1.06 

1.06 

T.S>5 

l.OY 

1.06 

7.5 

1.08 

1.15 

7.75 

l.OA 

1.12 

8.0 

l.CA 

1.05 

8.25 

1.07 

l.u4 

8.5 

l.U 

1.09 

OriglnnllF,  the  refulred  power  dlrlslon  to  properly  drive 
the  eroe8-gUi.de  block  was  achieved  through  the  use  of  a  Magic-T  with 
waveguide  elbows  syaawtrically  su*rmnged  for  proper  physical  orienta¬ 
tion.  The  V3VB  results  obtalzsied  with  this  arrangeaent  vere  (pilte 
uxiacceptable.  the  accuracy  of  the  power  split  and  the  equality  of 
the  phase  at  the  output  of  each  am  were  quastionable.  These  factors 
could  cause  serious  problass  with  respect  to  the  node  purity  of  the 
device.  Therefore,  a  new  power  divider  was  designed  which  consisted 
of  a  transfomer  fma  single  height  to  double  height  vavegulde  and  an 
S-plane  bifurcation  to  achieve  the  required  power  split,  Figure  3« 

The  transfomers  were  tested  back-tO'back  to  obtain  their  VBUR  char^ 
acterlstlcs.  The  resiilts  are  given  in  Tlid>le  H. 

TABLE  IX 

SXSOLE  KEXOBT  TO  SOOBLE  EEKar  TRAB8»\>JiaER8  BACK  TO  BACK 


Fre<nianc7 

FBWR 

frequencT 

mm 

7.0 

1.035 

1.015 

7.1 

1.0k 

7.8 

1.02 

7-2 

1.035 

7.9 

1.035 

1.03 

8.0 

1.03 

7*» 

1.035 

8.1 

1.015 

7.5 

1.025 

8.2 

1.025 

7.6 

1.02 

8.3 

1.0k 
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She  po««r  dirldar  wm  then  t«st«d  to  dotemlne  the  quality 
of  the  phase  and  power  eplltr  The  results  are  glTen  In  Table  Ill. 

ziijilf  III 

BCi-51  KWES  DIVIBER 


V^si  ^1*1,  cvjK  «»  n  On* 


Fred 

To  Am  l(db) 

Fo  Am  2(db) 

Am  i  §ho^^  Am  S  §h6rt^ 

V8WR 

7.0 

-3.0 

-3.0 

10*39 

10.38 

1.06 

7.1 

-3.1 

-3.1 

11.80 

11.80 

1.02 

7.2 

-3.0 

-3.0 

10.14 

10.15 

1.05 

7.3 

-3.0 

-3.0 

11.65 

11.68 

1.06 

7.4 

-3.2 

-3-15 

10.16 

10.19 

1.12 

7.5 

-3.0 

-3.1 

10.46 

10.45 

1.07 

7.6 

-3.0 

-3.1 

12.50 

12.50 

1.04 

7.7 

-3.1 

-3.1 

10.90 

10.91 

1.01 

7.8 

—3*0 

-3.0 

9.26 

9.25 

1.03 

7.9 

-3.0 

-3.0 

10.33 

10.33 

1.03 

8.0 

-3.1 

-3.1 

11.37 

11.38 

1.06 

The  power  split  was  found  to  be  acceptable  and  svperior  to  that  ob¬ 
tained  vith  the  preYlous  power  dielder.  The  phases  of  the  output 
aims  were  also  satisfactory.  This  was  detexvlnod  by  observing  the 
ministua  position  of  the  standing  ware  on  a  slotted  line  while  altez*- 
nately  shorting  anas  1  and  2  as  indicated  In  Wble  XU.  The  cosQ>lete 
transducer  was  then  assenbled  and  tested.  The  fbVR  of  the  unit  was 
3.0tl.  Impedance  cnlculatlons  were  aade  on  the  i^ctangular  wawegulde 
of  the  cross- guide  block  and  the  circular  waweguide  in  an  attcnpt  to 
detezwdne  the  source  of  the  alaatch.  The  calculations  showed  that 
the  liQ>edance  of  the  rectsLDgular  waregulde  was  approxljsately  one- 
tenth  that  of  the  circular  waTegulde.  The  dlaension  of  the  rec¬ 
tangular  waregulde  was  Increased  in  steps,  to  0.685”.  The  latter 
dimension  yielded  a  VSWR  of  2.4.  transfozsers  were  designed  to 

Bfts.'ccfi  ddsisns  1.011  'tiio  nsw  QT 

Figure  4.  In  order  to  natch  the  ia^pedance  of  the  two  lines,  a  cmci- 
fom  section  was  designed  to  reduce  the  lag>edance  of  the  clrc^ular 
amregulde  at  the  irises.  Sy  trail  and  error,  sereral  crucifom  de¬ 
signs  were  fabricated  and  tested.  The  dinenslons  of  the  optlnlsed 
crucifom  section  which  yielded  the  desired  results  were  0.530”  In 
the  ”b"  dJjsei'siou,  2.328”  in  the  ”a”  dinexision  with  an  overall 
length  of  8.8T5”*  Figure  5  illustrates  the  complete  crucifom  sec¬ 
tion.  The  node  pui*ity  and  F3VB  characteristics  of  this  transducer 
are  given  in  Figure  6.  The  results  Indicate  that  the  node  purity  of 
the  unit  is  25  db  nlnlnua  across  the  band  with  a  VSHR  of  1.19* 

Tbe  node  purity  technique  utilised  during  this  period  for 
dovelcqi^lng  the  transducer  was  of  the  rotating  probe  type.  The  accujT- 
acy  of  this  technique  hovever  was  found  to  be  qtaestionable  since  it 
does  niL't  take  into  consildemtlon  spatisG.  beating.  In  order  to  ove]> 
cone  this  shortcoalng,  a  new  test  procedure  was  used.  (7)Thls  approach 
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vtillsvs  a  Tarlabl«  ahort  t^chalfoo  in  vLlcb,  vhlle  the  freguencj  is 
held  conetaut,  the  short  poeition  it  varied  and  the  resulting  TBVR's 
recorded  versus  short  position.  This  aethod  ellmlnatee  the  prohlea 
of  spatial  beating  and  yields  accurate  results  vlth  re^sTd  to  node 
parity.  Using  this  trchnlqpe  atode  purity  asasureaents  vere  again 
obtained  and  the  resulte  are  given  in  Figure  J.  Even  though  these 
•ode  purity  results  mru  not  as  high  as  Figure  6,  they  sot  our  origin 
nal  goals.  Figure  8  Is  a  photograph  of  the  final  aodel.  tne  Insert 
tlon  loss  of  the  derloe  aeasured  froa  7  to  8  kac  did  not  e».ceed 
0.23  db. 

Since  oar  intent  eas  aalnly  to  develop  a  transducer  with 
specific  regulresMnts,  our  empirical  develc^aient  ceased  as  soon  as 
these  objectives  sere  not.  Hence,  it  Is  not  the  intent  of  this  poper 
to  Infer  that  the  ^tisnai  In  transducer  design  has  been  achieved. 

For  Instance,  the  dlaenslons  Of  tne  Irises,  the  height  af  the  rectan¬ 
gular  portloB  of  the  block  (*b"  dimension)  and  the  cruciform  have 
not  been  optimised  vlth  respect  to  mode  parity  and  TSWR.  With  regard 
to  the  physieal  dlmeasiaas  ef  the  transdacer,  it  is  felt  that  althoni^ 
the  preseat  aadel  Is  rel'^tiveXy  ■sail,  SDUch  can  be  done  to  achieve  an 
even  more  ooNpaet  device. 

SB  ISQUlOfi 

imong  the  great  variety  of  mlcrovava  ferrite  components 
available  to  date,  the  circular  vavagulde  doi  ferrite  devlees 
are  vlrtaally  non-ezlstaBt.  Since  mlcrovnve  and  millimeter  ^sterns 
generally  require  ferrite  Isolators,  a  program  vas  Initiated  at 
to  develop  an  Isolator  for  use  in  Hox  mode  systems. 

fhere  are  two  distinct  types  of  structures  suitable  for 
the  dsTelapsmnt  of  such  an  Isolator;  the  circular  vavegulde  support¬ 
ing  the  ZKm  mode  and  the  cross-guide  or  crudfons  type,  the  field 
coaflgaratloas  la  these  structures  together  vlth  the  ferrite  geome¬ 
tries  required,  deteralned  the  type  of  design  that  vas  used.  The 
magnetic  field  configoratloa  In  circular  vavegulde  is  such  that  a 
ferrite  ring  positioned  concentrically  vlthin  the  vavegulde  most 
be  clrcuafereutlaUly  SMgnetlsed  in  order  to  achieve  nonreclproclty 
at  rasonance.  Research  efforts  in  this  area  have  shown  that  this 
is  a  very  difficult  approach.  ( 2 )nie  cross-guide  structure  on  the 
other  hand.  Is  capable  of  sn^pportlng  an  electric  field  dletrlbutiom 
In  the  transverse  cross  section  of  the  guide  as  shown  in  Figure  9> 
fills  dlstrlbatlcn  Is  analogous  to  the  fiC^  mode  In  recta&golar  vavo- 
guide.  Furthermore,  the  field  distribution  In  each  of  the  four 
channels  appears  to  be  almllar  to  that  of  the  mode,  finie.  If 
a  ferrite  elab  is  poeltloned  in  a  region  of  circular  polarlsititiom 
Is  each  channel,  noareciprocl^  vlU  occur  at  reeonanoe. 
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Aa  th«  vpermtiooal  fz^^tuascy  of  the  darlca  la  liicr6oao<l; 
the  alae  of  the  pemaiient  laagnetlc  atructorea  reqcolred  alao  Increaaef 
In  direct  proportion  to  the  frequency.  Conaequently,  InTge  heoYy 
~iTig*stlc  BtructHre*  ere  requized  for  thia  derice  in  the  aLllliseter 
re^on.  Bexaconal  ferrite  seterlnla  hovanrer^  ejchlblt  auch  Inherent 
M£netlc  propertiea  that  the  reqnlreaMnt  fer  externa?  aasneta  la 
ahaoat  eliminated.  In  rlev  of  thla  it  vaa  decided  to  Inveeiii^ate 
the  rr.'oas-gulde  atmctnre,  alnce  with  theae  materials  a'rallahle.(6)A 
compact  device  could  be  dealgned. 


Blnce  BO  Bpeclfic  ayatrm  requii’Mont  existed,  ve  set  our 
design  goale  as  foUovsi  Insolation  <X)  db  minlirat;  TSVR  1.2:1 
maxlmua;  mode  purity  20  db  mini  tat;  Izuertlec  loaa  2.0  db  maxlmoa; 
and  bandvldth  approximately  K/ft,  at  a  frequency  of  35  Oc. 


Just  aa  in  the  caae  of  the  9Sio  mode  In  rectangular  vaye- 
guide,  tvo  reglona  of  circular  polarisation  alao  exlat  in  the  croaa- 
golde.  The  region  of  circular’  polarlsatloa  need  for  thla  derice  ema 
the  one  located  near  the  narrov  eall  of  the  channel.  Qila  location 
also  off  era  a  eonrealoat  place  for  the  blaalxrg  magneta.  Iheae  mag* 
neta  are  required  to  prorlde  a  email  additional  field  to  neutralise 
the  detrimental  demsgnetisiag  fielda  introduced  by  the  geonetry  of 
the  ferrltea,  and  alao  to  protect  the  derice  agalnat  atrey  external 
magnetic  fielda.  Since  the  theoretical  knovledgo  of  the  propagation 
characteriatlca  of  the  croas«*guide  eaa  limited,  the  derelopment  pro¬ 
ceeded  on  an  eiq>lrlcal  baals. 


The  mai^tude  of  the  anlaotropy  field  required  for  reaoo- 
ance  at  the  dealred  frequency  la  calculated  ualag  Klttel’a  Equation 
glren  belov: 


‘r 
vherc 


^  a  _ _ mm  _  m  ^ 


•  applied  magnetic  field 

•  T-aBCmast  f -naMnioTi 

y  ■  gyr<magnetlc  ratio 
«  anisotropy  field 
1^  1^,  ■  demagnetising  factors 

4ir  Mf  •  saturation  magnetisation 


Vslng  the  analogy  of  the  Siq  Isolator,  the  ferrite 
Blahs  vere  mounted  on  dielectric  substrates  (Wesgo  AL-995)  vlth  lODO 
cement.  I'lgure  10  lUnstrates  the  physical  arrungsment  of  the  com- 
pooents  of  the  cross-guide  Isolator.  The  dlmeasloos  of  the  dielectric 
srdrstrate  and  ferrite  slab  are  glren  in  Figure  II.  The  poeltlon  and 
thickness  of  the  dielectric  slabs  and  ferrites  mere  optimised  emgplr- 
Ically  to  yield  msTlwM  Isodatloo  and  mode  purity.  The  parmaetere  of 
the  hexagonal  ferrite  materrlals  used  vere  1^^  «  11,000  oe;  • 

3,^00  oe.  and  r/2ir  «  2.<^  mc/oe.  The  resonant  frequency  of  the* 
ferrite  vas  3^.1  fle.  It  shoi^  be  noted  that  the  location  of  the 
substrates  vlth  the  ferrites  In  ths  channel  vms  not  found  to  be 
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critical;  hcnrvrar,  orercll  aTauetrjr  of  tb«  aut^strat**  la  tba  ehaumala 
prorad  to  be  extraaalj  important  for  aatiwi  aode  parity.  Cie  ^ — j- 
netixlsv^  field  inteaslty  ctraa  by  H  ■  I  vliera  I  for  tbla 

C*<aMtry  la  .03,  la  opproxiaately  105  oe.  laace,  alth  tbe  aae  of 
■aall  blaaia£  ■afinata  of  approxlaately  ^  oe.,  the  daBacnetlxlac 
fleldE.  aie  f^Uy  caapeoaated  and  the  derlce  la  aot  aenaltlre  to  aoy 
atray  fialda, 

^  trauafora  the  creaa-gulde  Into  the  dealred  clxcolar 
vavagulda,  a  traualtlon  vaa  ued  in  ahlch  the  croaa-gulde  la  tapered 
to  the  clrcvilar  vaTegulde."^  The  lenj^  of  the  taper  vaa  approxl- 
aately  2.0".  The  coaplete  iaolator  (includlna;  traaaltlona)  vaa  fab> 
rlcated  In  tvo  halrea  froa  aolld  braaa  atock  and  then  ailrer  plated. 
Figure  12  la  a  photograph  of  the  tvo  halrea.  Figure  15  iUuatratea 
the  laolatlon  and  forvard  loaa  characterlatlca  of  the  derlce.  It 
should  be  noted  that  the  derlce  exhibits  an  Isolation  of  at  least 
20  db  error  aui  bandvidth  (33*83  ~  38.70  Qc),  vith  the  Insertion  loss 
haring  a  aarlOT  ralua  of  I.9  db  at  the  upper  end  of  the  frequency 
band.  The  T8VR  cf  the  derlce  oould  not  be  measured  since  a  slotted 
line  In  the  TSoa  »ode  uas  not  arailahle. 

Since  onr  obJectlTv  vas  that  the  isolator  hare  a  mode  purity 
of  at  least  20  db,  a  transducer  vaa  required  that  also  exhibited  a 
mode  purity  of  at  least  20  db.  Unfortunately,  such  transducers  vere 
not  available  at  our  frequency  of  Interest.  Sence,  a  cowierclal  trans¬ 
ducer  vas  xised  of  the  type  of  Figure  1.  Based  on  the  tests  coxidvicted 
on  the  traneducer  of  Figure  2,  It  vas  erldent  that  the  rariabJe  short 
technique  for  measuring  mode  purity  vas  prefsrrable.  The  mode  purity 
characteristics  of  the  transducer,  and  the  cross-guide  vlthout  any 
dielectric  sid>stratcs  and  ferrite  slabs  (empty  cruciform)  are  shovn 
in  Figure  l4.  These  data  vere  obtained  using  ths  variabls  short  tech¬ 
nique.  Icvever,  this  technique  requires  that  the  effective  vavegulde 
vavelsngth  of  es^  detectable  mode  present  in  the  liac  be  laenro  very 
accurately.  Vhen  the  dielectric  siid>strates  vere  moxmted  in  the  cross- 
gpide  the  wavelengths  could  no  longer  be  deteimlned  accurately.  Bence, 
the  mode  purity  measureBents  of  the  dielectrically  loaded  cross-guide 
(dielectrically  loaded  croclfom}  and  the  Isolator,  vere  conducted 
using  the  rotating  probe  technique.  The  results  are  given  in  Figure  1^ 

Fven  though  the  results  obtained  vith  the  rotating  probe 
toehnique  may  not  be  considered  an  accurate  as  the  results  using  the 
variable  short  technlqus,  they  are  reliable  provided  the  necessary 
steps  arc  taken  to  account  for  spatial  beating.  Based  on  the  mode 
purity  reeulte  obtained  during  the  develoiuurat  of  the  trmneduccr,  the 
results  indicated  that  the  rotating  probe  technique  yielded  results 
vhich  vere  slightly  ^tlmistic.  Bovever,  vhor  different  lengths  of 
line  vere  inssrted  to  determine  the  effect  of  spatial  beating,  the 
mlttlmm  mode  purity  obtained  with  the  rotating  probe  technique  cp- 
proaches  that  obtained  vith  the  variabls  sbor^  technique.  Bence,  the 
results  given  in  Figure  Ik  are  considered  reliable  vhen  ve  s«gr  that 
the  final  unit  exhibited  a  mode  purity  of  at  least  1^  db. 
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In  nx—lnlng  th«  msnltn  of  Tigar*  1^,  It  li  obstrred  that 
at  fre^oancies  th«  dartce  ui«&er  taat  yloldlad  a  node  imrity  which 
!•  highar  than  that  of  the  transducer.  It  la  beliered  that  this  la 
ceased  due  to  the  interaction  of  the  sporiotts  nodes  'between  the  traaa- 
ducer  and  the  unit  under  test.  Such  lateractioa  is  possibly  cauaina 
canceUatlon  of  certain  epvorioua  BKxlea  which  result  In  au  "obserrtd" 
hlfhez  node  purity  for  ^e  mit  under  test. 

The  results  obtained  during  this  iawestlgetlon  have  been 
Tsry  encouraging,  the  isolation  characteristies  of  the  isolator  are 
highly  acceptable.  Ihe  Insertion  loss  af  the  dewlce  Is  slightly  high; 
howeverf  further  work  can  be  conducted  in  this  auraa  to  reduce  these 
losses.  The  use  of  the  hexagonal  ferrite  natei’lalt  results  In  a  unit 
which  is  tolte  ccaqiact  and  does  not  repairs  large  and  heavy  external 
■agnets*  Sven  though  the  node  parity  recults  Indicate  a  parity  of 
15  db  nlnlspai  It  is  felt  that  the  Isolator  does  not  degrade  node  pur¬ 
ity  nuch  below  the  node  purity  of  the  transducer.  Therefore >  the  use 
of  a  better  transducer  would  be  reflected  In  better  node  purity  of  the 
isolator.  Also,  the  final  nadel  eeuld  be  improved  by  'better  tapers  to 
the  eross-gulde,  ar^d  slight  changes  In  the  dlnenslons  of  the  channale. 

g  In  conclusion  two  designs  have  been  developed,  one  for  a 

TExo  »ode  to  T^^  node  transducer  and  the  other  for  a  cross-guide  Iso¬ 
lator  for  use  In  a  node  system,  with  results  which  have  not  been 
attained  heretofcn'e.  tob  transducer  not  enlcr  represents  a  device  which 
has  inaedlate  application  but  also  provides  ^e  research  engineer  an 
Indispensable  tool  for  the  derelopaent  of  TKqi  conponents.  Ve  are 
presently  attempting  a  scaled  version  of  this  transducer  for  use  at 
35  Oc  In  order  to  better  evaluate  the  node  purity  characteristics  of 
the  cross-guide  Isolator.  The  design  of  this  Isolator  with  hexagonal 
ferrite  materials  offers  a  method  for  designing  ferrite  isolators  for 
use  in  the  TSoi  node  systems  operating  In  the  nlUineter  region,  whl^ 
are  cosipact  and  have  good  electrical  characteristics. 
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ELECTRIC  FIELD  DlSTRIBUTlOH  IN 
CRUCIFORM  lAVEGUlOE 


FU.  9 


CROSS-SECTIONAL  VIE*  OF 
CRUCIFORM  WAVEGUIDE  ISOLATOR 


Fig.  10 
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INTRODUCTION 

The  purpose  of  this  inveatigation  was  to  study  a  number  of 
Important  parameters  associated  with  solidification  in  order  to  estab¬ 
lish  an  interrelationship  between  these  i>ar8met6rs  and  the  mechanical 
properties  of  the  resulting  casting.  It  is  impractical  to  cause  a 
given  Variation  in  solidification  conditions  and  then  to  directly  ob¬ 
serve  a  change  in  mechanical  properties  due  to  this  veiriation.  The 
practical  method  is  to  consider  the  independent  variable  of  casting 
thickness  and  to  study  other  variables  as  functions  of  casting  thick¬ 
ness  or  distance  from  the  location  of  interest  to  the  surface  of  the 
casting.  The  dependent  variables  were  dendritic  morphology,  dendri¬ 
tic  arm-spacing,  dendritic  arm-length  or  cross-arm  length,  microseg¬ 
regation,  and  finally,  mechanical  properties  before  and  after  homogen¬ 
ization  of  the  structure.  All  of  thesp  were  studied  as  functions  of 
distarice  from  the  surface  of  the  castisig. 

Individual  variables  have  been  considered  before  (l-5)but 
here  an  attttnpt  was  made  to  examine  many  variables  associated  with  the 
solidification  of  a  single  given  casting  in  order  to  establish  an  in- 
terrelationthip  that  possibly  could  bo  used  to  advantage  in  improving 
the  mechanical  properties  of  high-strength  steel. 


PB.0CSDURE 


Morphological  Study 

The  casting  selected  for  this  study  was  a  unidirectional  in¬ 
got  casting  5-l/2  inches  in  diameter  and  10  inches  high,  Tlie  method 
of  manufacture  consisted  of  preheating  a  hollow  ceramic  cylinder  to 
2600®F,  placing  the  cylinder  on  a  massive  copper  chill,  and  then  pour¬ 
ing  molten  steel  into  the  cavity  formed  by  the  ceramic  cylinder  chill 
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configuration*  Upon  filling  tha  mold,  a  preheated  oeramio  alab  waa 
placed  on  the  top  aurfaoe  of  the  mold.  Unldireotlonal  aolldlfioatlon 
progreaaed  from  the  chill  and  resulted  In  the  maoroatruoture  ehowi  in 
Figure  1.  Thia  type  of  aolldlfioatlon  pattern  not  only  yielda  out¬ 
standing  meohanloal  properties,  but  also  can  be  used  as  a  valuable  re- 
aearoh  tool. (6)  The  vinldlreotlonal  aolldlfioatlon  produced  long  col¬ 
umnar  dendrites  that  are  lined  up  in  auoh  a  way  as  to  simplify  study 
of  dendritic  morphology  and  mlorosegregation.  It  is  easily  seen  that 
a  noimal  aand  casting  with  randomly  oriented  equiaxed  grains  would 
oause  esqperlmental  ocoiplloations. 

The  baelo  meohanloal  properties  of  this  columnar  oastlng  69 
were  determined  by  removing  test  bar  blanks  parallel  to  the  cast  sur¬ 
face  In  a  progressive  fashion  starting  from  the  chill  and  working  to 
a  depth  of  six  Inches  Into  the  casting.  The  blanks  were  heat  treated 
In  accordance  with  the  schedule  in  Table  I,  and  then  were  tested  to 
determine  the  basic  properties  of  this  unidlrectlonally  solidified 
<«%teel.  The  results  were  compared  with  those  developed  by  a  convent¬ 
ional  sand  casting  possessing  the  same  chemistry  and  having  undergone 
the  same  heat  treatment. 

^  table  I 

T  Chemistry  and  Heat  Treatment  of  Castings  48  and  69 


a»ctlwi  A  -  CWiUtry 


CleaBBt  (mIS** 

pBrOBBt)  1 

C 

Mb 

81 

P 

S 

N1 

Cr 

Mo 

A1 

CutiiHI  41: 

0.51 

0.75 

0.25 

0.015 

0.037 

8.75 

0.74 

0.55 

0.00 

Caatiaq  St: 

0.51 

0.S4 

0.55 

O.POt 

0.035 

3.71 

0.70 

0.55 

0.00 

Svetiwi  B  •  Noraal  Haat  Tr*«twat  (follMrlae  HeoeevBlsatiea) 


175^F  for  1  br,  air  oeol»4 
ItS^F  for  1/3  kr,  faraao*  dreppod  to 
ISS^F  for  15  ala,  vator  qaoaehod 
40CF  for  4  br.  aatar  aaaacbad 
dOCTF  for  4  br 


The  macrostructure  appearing  In  Figure  1  created  an  overall 
Impreselon  of  a  directionally  solidified  casting  but  It  does  not  pro- 
^Lvlde  detailed  Information  on  the  exact  dendritic  structure.  Accord- 
Slngly,  sanqplea  were  removed  from  the  casting  for  detailed  macrostruc' 
lural  examination*  Saaq>le8  horizontal  and  vertical  to  the  chill  sur¬ 
face  were  studied.  The  actual  procedure  consisted  of  polishing  the 
Samples,  maoroetchlng  with  Stead's  reagent,  and  then  photographing  the 
structures  at  a  magnification  of  6X.  Interesting  dendritic  parameters, 
such  as  the  length  of  dendritic  cross-arms  and  the  Interdendritlc  axm- 
^Spaoing  were  meas\ired  and  plotted  versus  distance  from  the  casting 
surface. 

Although  exact  information  can  be  obtained  on  the  size  and 
the  shape  of  dentrltes,  the  maoroetch  proced;ire  does  not  reveal  quan¬ 
titative  information  on  the  amount  of  microsegregation  occurring  in 
▼arious  portions  of  the  dendritic  structure.  Quantitative  miorosegre- 


72 


AHSABir  tttvd  QH31QJM 


ipatijn  ixifomatlon  oan  obtalnad  thrcni^  th«  ua«  of  tho  •lootrom 
baan  i&loroprobc«(7)  fhus  •uiplM  vara  ranovad  fron  tha  oaatln^  for 
mioroproba  analysis.  Suoh  oanplaa  vara  alvaya  in  tha  plana  of  tha 
chill  casting  interfaoa  surfaoa  and  vara  takan  at  .luoraaslng  diatancas 
from  this  intarfaca. 

Tha  staps  involvad  in  praparing  aaoplas  for  mioroproba  anal- 
yaia  oonsistad  of  polishing  and  atohing  tha  spaoimana,  sslacting  var- 
ioxis  locations  on  the  dendritic  surfaoa  for  study »  and  narking  thasa 
looationa  vith  a  hardnaaa  tastar.  lha  appropriate  looations  vare 
aithar  a  scan  along  the  full  length  of  a  dandritio  am  or  a  scan  of 
equal  langth  oriented  45*  from  tha  dendritic  am.  After  tha  scans  had 
been  selected  and  fixed  by  tha  hardness  indentori  the  etched  surfaoa 
vaa  ramoved  by  polishing.  At  this  stage  tha  saaplas  vara  ready  for 
mioroproba  analysis.  The  actual  mioroproba  scans  yielded  detailed 
information  on  mlcrosagragation  but  for  purposes  hersy  engduusls  vaa 
placed  only  upon  the  maximum  and  minimum  ohemls  tries  observed  In  tha 
mioroproba  study.  These  and  minima  vere  recorded  and  plotted 

versus  distance  into  the  oastlng.  Mioroproba  soana  vara  made  to  deter¬ 
mine  variations  in  alloying  elements,  Mn,  Ni,  Cr,  and  Mo. 


Tha  results  of  tha  mioroproba  study  oombinad  vith  tha  macro- 
structure  observations  of  dendrltio  am-spaoing  and  oross-am  langth 
made  it  possible  to  thaoretloally  formulate  homogenisation  conditions 
that  vould  eliminate  or  out  dovn  on  tha  microsagragation.  Suoh  oalou- 
lations  lead  to  homogenisation  experiments  at  extrema  temperature  and 
for  extended  periods  of  time. 


Homogeni  sa*.  ion 


lerimants 


Two  castings  vare  involved  in  hemogenization  e^^arlments. 

The  first  consists  of  columnar  casting  69  eoployad  in  tha  morphologi¬ 
cal  study  I  and  the  second  was  a  sonal  oastlng,  46  >  as  demonstrated  in 
Figure  2.  The  dimensions  of  tha  zonal  casting  and  the  ohamioal  anal¬ 
ysis  are  similar  to  tha  columnar  casting  (see  Table  l),  but  the  method 
of  manufacture  vas  all^ditly  different  in  that  an  exothermic  oonpound 
was  added  to  the  top  of  the  mold  twelve  minutes  after  filling  tha  mold. 
This  slight  modification  in  procedure  produced  the  four  solidifioation 
zones  shown  in  the  figure.  The  first  zone  was  columnar,  tha  second  vas 
equlaxad,  the  third  vas  columnar,  and  the  fourth  vas  aquiaxad*  Ttxa 
change  from  the  first  equlaxed  to  the  second  columnar  zone  vas  undoubt¬ 
edly  catised  by  an  increase  in  the  temperature  gradient  at  the  liquid 
solid  interface,  vhioh  vas  in  turn  caused  by  the  addition  of  axo^aznlo 
material.  The  major  purpose  in  changing  tha  mode  of  solidification 
i«ae  to  make  possible  direct  maohanloal  property  comparisons  of  column 
ner  and  equlaxad  material  idiarein  tha  rata  of  solidification  of  tha 
material  vaa  greater  than  that  of  tha  columnar.  Basic  mechanical  pro¬ 
perties  of  this  zonal  casting  46  vare  determined  after  normal  heat 
treatment.  These  maohanloal  properties  plus  tha  normal  maohanioal 
properties  of  tha  columnar  oastlng  69  ware  than  oooq>arad  with  compan¬ 
ion  results  from  test  blanks  that  underwent  an  axtaxwiva  hoMgenizatlon 


73 


iBEABN  and  qUIOLET 


traataant.  Blanka  froa  tha  ooluanar  oaatlnff  69  wara  raaorad  at  Tarloua 
diatanoaa  froai  tha  ohlll  aurfaoa  and  than  vara  auhjaotad  to  a  2300*F 
hcaosanlaatlon  traataant  for  64  hour#.  In  alallar  faahlcni  hara  var*? 
raaorad  froa  tha  flrat  thraa  aonaa  of  tha  aonad  oaating  4^  and  thaaa 
vare  hoeufaniaad  at  2300*F  for  aithar  20,  64,  or  166  houra.  In  all 
oaaaa  tha  hi^ih  taqparatura  hoBoa*>^i*ation  traataant  vat  follovad  hy 
nosaal  haat  traataant  prooadtira. 


Iha  axtraaaljr  hi^h  t«Diparatura  hoBoganiaatlon  (2900*F)  and 
tha  axtandad  tlao  at  toaparatvera  praaantad  nzpariaantal  dlffloultlaa 
and  Buhaaquant  praoantiona  vara  takan  to  avoid  thaaa  dlffioxU.tlaa.  A 
ioroaa-aaotional  akatoh  of  tha  fumaoa  it  ahovn  in  Figure  Iha 
fumaoa  oonaiatad  of  a  glohar  arraagtaant  vith  a  haatine  aona  of  1-by 
2-foot  diaanaiona.  For  thaaa  axparlnanta  tha  door  of  the  fumaoa  vaa 
raiaad  and  tha  opaning  laft  by  tha  door  vaa  briokad  up  axoapt  for  a 
caraaio  tuba  that  vaa  Inaartad  into  tha  haat  jn^  aona  through  tha  briok 
vork.  Iha  tharaoooupla  for  tha  fumaoa  vaa  aountad  in  line  vith  the 
oaraado  tuba  ao  that  tha  taavaratura  raadin^  of  tha  thaimoooupla  ooin- 
^oidad  %rith  tha  tanparatiira  of  tha  oarasiic  tuba,  ^a  arran^anant  in 
^  Figure  3  haa  tha  praotioal  advanta^  that  taaiparatura  fluotuationa 
^  tha  oaranio  tdba  vara  ainlaiaad  by  tha  large  hearth  volima  out- 

of  tha  tuba.  Actual  taaparatura  oontrol  vaa  aainta^nad  through  n 
,T#roportionl2ig  oontrollar  rather  than  a  povar  on-povar  off  arrangaaant. 
'^aat  bare  vara  plaoad  inaida  tha  tuba  and  a  protaotiva  atmosphere  was 
judntainad  in  tha  area  of  .the  teat  bara  by  means  of  tha  arrangament 
:^indioatad  in  Flgrura  3*  Althouie^  tha  argon  vaa  99*9^  percent  pure,  it 
^fvas  fait  that  praoautiona  should  be  takan  not  only  agalzist  leaks  with¬ 
in  tha  oaramlo  tuba,  but  also  against  the  poaaibiiity  that  a  small 
;^jaaount  of  iaqniritlaa  vithin  tha  argon  oould  damage  tha  test  bars.  Suoh 
t^jthinklng  is  Justified  in  viav  of  tha'axtrsna  high  tsoparatura  and  long 
:  tlmaa  Inyolvad.  Two  baaio  praoautiona  vara  takeni  first,  tha  teat  bar 
^blanks  wara  coated  with  aluminsf  and  saoond,  steal  wool  vaa  plaoad  Jvist 
^ayond  tha  argon  inlet,  Tha  steal  wool  aotad  as  a  getter  and  did  in 
^Taot  ahov  substantial  oxidation  damage  at  tha  and  of  aaoh  a^qparimantal 
^  run.  Tha  alumina  coating,  on  tha  other  hand,  was  abandoned  as  an  un- 
^hooaasaxy  preoaution  half  vay  throu^  tha  program. 
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Iha  meohanioal  properties  of  tha  unidirectional  casting  69 
are  ooopilad  in  Table  II.  Yield  strength,  tensile  strength,  and  true 
hraaking  strength  am  raoordad,  as  vail  as  ductility  in  terms  of  ra- 
f^uotlon  of  area  and  elongation.  Interpretation  of  this  data  is  facil¬ 
itated  by  a  plot  (Figure  4)  the  maohmioal  property  information 
V  Tarsus  distance  fror,  the  surface  of  tha  casting.  Keohanioal  propart  las 
are  also  prasantad  for  a  oonyantional  sand  casting  (6)  of  the  aame 
analysis  that  raoeivad  tha  same  haat  traataant.  Tha  properties  of 
4uUdiraotiox^  solidified  steal  are  Indioatad  by  tha  dashed  ourvas 
while  ^  propartias  of  tha  oonvantional  sand  casting  are  shovn  by 


TABU  II 

Msehanioal  Proper ti««  of  Cestli«  69 


1  NMt 


HIZISH  ■■OlIM  iHilOlIlM 


SMttM  ■ 


iMrf  isorr.  *4  kMtfa,  hr  HmmI  HMt  trMti 


ItS.MO 

IM.MO 

Its. 000 

109.000 

109.000 

100.000 


197.000 

190.000 

110.000 

140.000 

190.100 

190.400 


eolld  Itnee.  At  the  etren^h  level  of  259»000  pel»  the  unidlxeotlonel 
aolldlfled  oouitlag  exhibits  aeohsnioel  property  superiority  over  the 
oonrentionsl  osstlnig.  Ihe  oonventionid  osstin^:  undergoes  s  rapid  de- 
oreeae  in  both  tensile  strength  and  ductility  with  distance  frw  the 
surface  of  the  casting,  ^diile  the  unidirectional  oasting  displays  un¬ 
iform  properties  of  2^^000 psi  tensile  strength  and  30  percent  reduo- 
tlon  of  area,  up  to  depths  of  three  inches  from  the  casting  surface. 
Thereafter,  mechanical  prcperty  deterioration  ooours,  but  in  a  gradual 
fashion.  The  deterioration  in  mechanical  properties  is  oalled  the 
mass  effect  aivd  it  is  readily  seen  that  the  effect  in  unidlreotlonally 
solidified  material  is  far  less  pronounced  than  in  material  that  has 
been  solidified  in  the  oonventloual  manner.  The  most  sensitive  measure 
of  mass  effeot  is  shown  by  a  decrease  in  ductility  as  measured  by  per^ 
cent  reduction  of  area  versus  distance  from  the  oasting  surface.  The 
same  trend  is  noted  %dien  the  true  breaking  atrength  versus  distance 
from  the  oasting  surface  is  observed.  The  two  types  of  castings  ex¬ 
hibit  different  mechanical  properties  associated  with  different  rates 
of  solidlfioation. 

The  cause  of  the  mass  effeot  was  considered  next  by  examin¬ 
ing  the  maorostruoture  and  mdorosegregatlon  Figures  5  and  6  present 
typical  maorostruetxural  results.  Figure  5  is  for  samples  parallel  to 
the  direction  of  solidification,  and  Figure  6  is  for  samples  perpendio- 
ular  to  the  direction  of  solidification.  In  both  oases,  the  atruoture 
was  brought  out  by  etching  with  Stead's  reagent  and  then  photographing 
the  surface  at  magnification  of  6X.  Magnified  photographs  yield  far 
more  Infoxmatlon  than  a  typical  photemaorograph  as  in  Figure  1.  Figure 
3  clearly  shows  that  the  columnar  dendritic  structure  extends  from  the 
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bottom  to  th«  top  of  tha  oaatlng,  and  that  tha  atruotura  la  flnaat 
naar  tha  chill  and  undargoaa  a  ^adual  ooaraanln^  aa  diatanoa  from  the 
ohill  inoraaaaa.  ISie  photograph  at  tha  left  of  Figure  5  vaa  taken  from 
material  oloaa  to  tha  ohill  uhila  that  at  tha  right  repreaanta  material 
at  a  oonaidarabla  diatanoa  from  tha  ohill. 

Figure  6  ylalda  aiailar  Infoznatlon  to  that  of  Figure  al¬ 
though  nov  tha  dandritaa  are  viavad  from  a  different  orientation.  The 
tope  of  tha  dandritaa  are  aa«i  aa  oruolfoxma  that  inoraaaa  in  aiza  aa 
diatanoa  from  tha  oaatlng  inoraaaaa.  By  oombining  tha  photographic  in¬ 
formation  in  Flgurea  3  and  6,  one  oan  oonatruot  a  modal  of  oolumnar 
dandritaa.  Individual  dandritaa  oonaiat  of  a  oontinuoua  aplna  with 
aide  branohea  forming  at  90*  in  a  oruoiform  configuration.  Suoh  a 
model  doea  not  tale  into  account  further  branching  off  the  oruclforma. 
Bandrltlo  arm  apaoing  and  tha  length  of  dandrltio  oroaa-ansa  ware  maa- 
aurad  vith  tha  aid  of  Flgurea  3  and  6.  Croaa-arm  lengtha  ware  datar- 
,  by  two  mathodai  tha  firat  oonaiatad  of  countlrg  tha  number  of 

oruolforme  par  unit  araa  in  a  aarlaa  of  photomaorographa,  datarmlnlng 
^ha  oroaa-aaotlonal  araa  per  oruoiform  and  then  finding  tha  aquara  root 
..  ^^of  this  araa  to  obtain  a  raprasantatlva  value  of  tha  croaa-arm  length. 
-^^*Ilha  aaoond  method  aimply  involved  maaauring  tha  length  of  a  aarlaa  of 
—  -^roaa-azma  in  varloua  photcmaorographa  and  than  plotting  thasa  lengtha 
^  '  waraua  tha  diatanoa  from  tha  oaatlng  avirfaoa.  Suoh  reaulta  are  shown 
Figure  7  where  oroea-arm  length  ia  plotted  varaxxa  diatanoa  from  the 
_  r_^aatlng  aurfaoa.  Tha  curve  obtained  by  eimply  recording  the  length  of 
" "  '<m>ae-edr^  doea  not  have  as  great  a  slope  as  tha  curve  derived  by  tha 
alternate  method  of  counting  tha  number  of  cruoifoxms  par  unit  area 
maoroBurfaoa.  Ragardlesa  of  tha  counting  method  employed,  there 
r  appaara  to  be  a  linear  relationship  between  the  length  of  crosa-arms 
and  distance  from  the  oaatlng  surfaos.  This  la  not  surprising  in  view 
f  mors  traditional  results  presented  in  Figure  8  wherein  Interdandrl- 
^^^^|tlc  azm-epsoing  la  plotted  versus  dlatanoe  from  the  casting  surface. 
.f.4^^oa  more  a  linear  relationahip  is  obtained.  The  linear  relatlonalxip 
between  ar^spacing  and  distance  into  the  oastlng  has  previously  been 
Report  ad.  (9) 

Pbotomaorographs  of  typical  aamplea  that  ware  employed  in 
^iMjtha  mloroaagragatlon  atudiae  are  shown  in  Figure  9*  Tba  photomacro- 
^--igimph  on  the  left  (9-s)  la  from  material  0.125  inch  from  the  ohill 
^rfilMhile  the  photomacrograph  on  the  right  (9-b)  represents  material 

mpproximataly  3*44  Inchea  from  tha  ohill.  In  all  oases  tha  boundaries 
of  tha  aoana  ware  marked  with  a  I^oop  Indentor.  Tha  macros truoturaa 
:;^re  polished  away  and  finally  tha  aaoqplaB  ware  subjected  to  mioro- 
j  l%rbbe  analysis.  Two  types  of  sosns  wars  Involved  aa  indioatad  in 
figure  9*  first  was  a  soan  along  a  dandritij  tra  throx^  a  danrl- 
^  ^lo  spina,  while  the  aaoond  type  was  always  oriented  43*  from  tha 
"  first,  PrssxoBably  the  43*  ccsn  started  in  a  hi^ly  asgragatad  area 
tsoma  diatanoa  from  tha  oruoiform  and  progrosaad  in  a  straight  lina 
throud^  tha  center  of  the  spina  end  than  out  bha  other  side  into  a  hi^ 
alloy  araa.  Mioroproba  analyses  wars  taken  for  Mti,  Nl,  Cr,  and  Mo  oon- 
tant  at  dlata^oaa  0.123,  0.6,  1.9y  2.3,  and  3.44  inches  from  the  ohill 
,«urfaos. 
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Th«  alnlJBum  ohemlatzy  ooourred  at  th«  oent«r  of  the  oruol- 
fora,  that  i8>  at  the  spine  of  the  dendrite,  vhlle  the  aaziJBUffl  concen¬ 
tration  of  alloying  elenents  generally  was  observed  at  a  location  or¬ 
iented  45*  from  the  oruoiforin  at  a  considerable  distance  from  the  oru- 
oifora.  These  maxlmuin  and  minlaum  concentrations  are  plotted  versus 
distance  from  the  surface  of  the  casting.  Such  results  appear  in  Fig¬ 
ure  10.  Tbe  dashed  lines  indicate  the  wet  chemical  analysis  vhlle  the 
naxlDtuin  and  miniinuffl  concentration  at  the  location  in  question  are 
shown  by  the  ends  of  the  vertical  lines  in  the  plot.  Ihis  plot  estab¬ 
lishes  the  result  that  miorosegregatlon  is  severe  and  can  involve  a 
vezy  large  fluctuation  in  alloy  content  across  small  distances  of  the 
casting.  Yet  this  variation  from  maximum  to  minimum  seems  to  remain 
fairly  constant |  that  is,  the  amount  of  miorosegregatlon  does  not 
change  appreciable  in  moving  into  the  casting.  Miorosegregatlon  is  as 
severe  at  the  surface  as  at  the  center,  %dille  the  basic  dimensions  of 
the  dendritic  structure,  dendritic  arm  length,  etc.,  do  increase  with 
distance  into  the  casting.  Any  attempt  to  even-out  the  chemistry  by 
means  of  a  high  temperature  diffusion  treatment  should  take  into  ac¬ 
count  the  increasing  diffusion  distance  arising  because  of  the  increase 
in  basic  dendritic  dimensions.  These  two  observations  are  important, 
nxe  extent  of  mlcrosegregatlon  is  fairly  constant  while  dendritic 
dimensions  increase  with  distance  into  the  casting.  With  the  aid  of 
suoh  information  it  la  theoretically  possible  to  prescribe  homogeni¬ 
zation  treatments  that  should  even-out  the  chemistry  on  a  microscale. 
Calculations  indicated  that  a  2300*F  treatment  would  be  desirable  and 
that  the  required  time  would  vary  depending  upon  the  size  of  the  den¬ 
drites  involved. 


The  actual  mathematical  treatment  Involved  the  use  of  an 
eqiiation  first  employed  in  connection  with  a  study  of  banding. (^0)  If 
the  miorosegregatlon  is  described  by  a  sinusoidal  two-dimensional  mod¬ 
el,  then  homogenization  will  proceed  in  acoordanoe  with  thf  following 
equation!  ^  ^2  pt 

^  ®  1  2 

where 

C  -  maximum  variation  from  average  chemistry  after  homogenization 
CjQ  .  maximum  variation  from  the  average  chemistry  before  homogenisation 

Cgi  >  degree  of  homogenization 
P  •  Piffuslon  coefficient  of  alloying  elements 
t  -  time  (sec) 

1  •  diffusion  distance  (cm) 

A  representative  value  of  5.75  *  10-10cm2  was  selected  for 
the  diffusion  coefficient  of  alloying  elements  at  2500"F.  The  diffusion 
distance  was  considered  to  be  one-half  the  value  of  cross-arm  length  as 
recorded  in  Figure  6.  For  example,  a  64-hour  homo^ization  time  would 
result  in  C  ^0.8,  and  a  diffvtsion  distance  of  0,06  cm  !diloh  corresponds 
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to  a  location  of  2,3  Inohaa  fron  tha  aurrao#  of  tha  oaatlng.  Raoantly 
a  aora  raaXlstlo  ao4al  haa  baan  foraulatad  apaclfloally  for  oast  atruo- 
tnraa* 


^a  aotxiaJi  aachanloal  propartlaa  dafralopad  by  both  oastln^a 
aftar  ooxxTautionar».  haat  traata«mt  and  axtanelTa  hoatoganlaationa  ara 
jKcaaantad  ir  Vcblaa  II  and  III.  Intarpratatlon  of  tha  data  la  faoll- 
Itatad  by  tl  plot  in  Fi^^ura  11  of  aaohanloal  propartlaa  varaua  dle- 
tanoa  tha  ohill  aurfaoa  of  tha  oaatin^a.  Maohanioal  propartlaa 

TABU  III 


iiechanloal  Propartlaa  of  Caatlng  46 


IlMtlM  A  •  mMa>*ii«d  StOC^F.  1  hMT,  folloMd  kif  aoraal  Haat  TrMtMBi 


Tm»t  LmtlM 

fr«a 

Cklll 

(Uotwa) 

TialO  Straaftb 
at  O.tX  Offaat 
(ral) 

Taaalla  Straaetb 
(pal) 

Cla^tlaa 

lU 

(K) 

"I.J 

:  flclWMr  ■•M  t.tl 

100.700 

1 

11.3 

■•••  4.00 

101.000 

0.1 

0.370 

loa.ooo 

1 

10.4 

evlwMr  iMM  1.00 

104.000 

30.3 

e«lwMr  tM»  1.00 

100.000 

IHC  SH 

33.4 

1  a««tl«i  1  •  NMMftalMO  lOOflf'r,  100  ko«ra.  follawO  by  Naraal  Htot  Traatwatj 

oalaaMr  latw  0.70 

100.000 

130,000 

14.0 

30.0 

4.00 

100.000 

330,000 

13.3 

44.0 

ealiHMr  1.00 

100.000 

337.000 

14.0 

43.3 

1  a«c«l«a  C  •  NaMfMlMO  tOOCTr,  04  haara,  fallavad  bf  Naraal  Haat  TVaataaat  | 

ealaaaar  aaaa  0.10 

103.000 

340.000 

10.0 

38.0 

aaaiaaaO  aaaa  0.370 

170.000 

330,000 

10.4 

ealaaaar  aaaa  1.00 

100.300 

340,000 

mStm 

43.0 

S4)S^a  SOliolirs.  followed  by  Nor 

■■1  HmI  TrMtBi»«t  1 

ealaaaar  aaaa  0.70 

100.300 

340,400 

wmgm 

ItWM 

aaalaaai  aaaa  4.00 

107.000 

330,300 

itffM 

ealaaaar  aaaa  1.00 

100.000 

340,000 

HaftH 

d2£9' 

aira  praaanted  for  both  caatinga  In  tha  oonrantlonal  haat-traatad  oon- 
4itlon»  and  for  aonal  oaatln^  46  imdar  oondltlona  of  20,  64,  and  166 
houra  of  2300*F  homoeranlaatlon,  and  oolusmar  oaatln^  S$  aftar  64  houra 
of  2500*F  honoganlsatlon.  lhaaa  laat  four  raaulta  ara  for  matarlal 
that  haa  baan  homo^anlsad  and  than  haat  traatad  by  a  oonyantlonal 
quanoh  and  tanpar.  For  all  praotloal  purpoaaa  tha  sMohanloal  propar¬ 
tlaa  aa  rapraaantad  by  ylald  atran^h  and  tanalla  atran^h  ramaln  raa- 
aonably  oonetant  ragardlaaa  of  tha  traataant  aoployad  or  tha  location 
of  tha  taat.  Tha  al^lf leant  ohanga  broujiht  about  by  axtanalva  homo- 
^anlaatlon  can  ba  aaan  In  tha  plot  of  paroant  raduotion  of  araa  varaua 
dlatanoa  Into  tha  oaatlnga.  Tha  aolld  curvaa  rapraaant  ductility  ra- 
iBulta  aaaoolatad  vlth  hl^  taaiparatura  homosanlaatlon  uhila  tha  daahad 
ourvaa  ara  aaaoelatad  vlth  convantional  haat  traataant.  In  both  oaat- 
ln|^  thara  la  a  daoraaaa  In  ductility  aa  diatanca  fron  tha  oaatlng  aur- 
^aoa  Inoraaaaa*  Thla  la  tha  aasa  affaot  and  haa  already  baan  dlaouaaad 
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Tb*  alipiifioAno*  of  th«  honogtnlutloa  oxporijMnta  la  aa«n  tdian  oaa 
oo^parta  tha  haat-traatad  propart laa  of  tbaaa  two  oaatlQsa  with  tba 
Zyxi*f  hoaocanlaad  and  haat-traatad  propartlaa*  Ih  all  oaaaa  whara 
bara  zacalrad  hi^  taoparatura  honoganlaatlon,  tha  duotllltj  waa  tA- 
provad  and  tha  InproraBant  iii  ductility  la  dlraotly  ralatad  ^o  h(»ogan- 
laatiCT  tinta.  In  eplta  of  the  laprorad  ductility  with  hoooganlaatlCKif 
tha  Maa  affact  la  at 111  obaarvadi  that  la>  ductility  dacraaaaa  aa  dla- 
tanca  frca  tha  caating  aurfaca  Incraaaaa.  It  la  alao  obaarrad  that  up 
throudh  tha  axtandad  tlaa  of  166  houra»  tha  naohanloal  propartlaa  naar 
tha  chill  in  aonal  caatlng  46  oontinuad  to  Ijqprorai  tharafcrai  It  la 
auggaatad  that  maxiJBun  poaalbla  ductility  waa  not  obtained. 

It  la  intaraating  to  coQpara  tha  raauita  danonatratad  in  Figure 
11  with  naohanloal  propartlaa  of  forgad  aatarlal.  For  axanpla,  AISI 
4540  l/2-inoh  dlamatar  forgad  barai  oil  quanohad  and  taaparad  to  a 
atran^h  laval  of  250)000  pal)  a^dilbit  a  reduction  of  area  of  4d  per¬ 
cent  Ihaaa  raauita  are  naturally  longitudinal  propartlaa  and  can 

be  oooqtarad  dlraotly  with  tha  raauita  appearing  in  Figure  11  and  Tablaa 
II  and  III.  In  Boma  oaaaa  tha  ductility  of  teat  bara  located  oloaa  to 
tha  chill  aurfaca  all^tly  azoaad  ^ha  forgad  bar  propartlaa  jxiat  nan- 
tionadi  howarar)  It  la  aignlfloant  that  duotilltlaa  of  4!}  percent  re¬ 
duction  of  area  are  nalntalnad  at  daptha  of  two  or  three  inohaa  Into 
tha  oaatlnga. 

Finally)  aonal  caating  48  raauita  Indicate  that  there  la  no 
aignlfloant  dlffaranoa  between  tha  ductility  of  aquiaxad  aatarlal  and 
ooluanar  aatarlal  paraaa.  Other  faotora  auoh  aa  mioroporoalty  and 
aicroaagragatlon  aooat  be  oonaldarad. 

Tba  ijKproTaaant  in  tha  ductility  of  tha  caating  auat  be  aaalgn- 
ad  to  tha  auooaaa  of  tha  2500*F  hoaoganlaatlon  treatment  *  Tha  hoaogan- 
iaatlon  traataant  can  be  oonaldarad  froai  a  theoretical  point  of  riaw 
hy  plotting  ductility  raraua  hcoKtganlaatlon  parasiatar  for  ooluanar  oaa- 
ting  69  aa  ahown  in  rigura  12.  Hare  ductility  la  plotted  againat  tha 
diaanalonlaaa  quantity  dlffualon  ooaffiolant  of  alloying  alaaant  tiaaa 
tha  tliM  of  hoaoganlaatlon)  divided  by  tha  aquara  of  one-half  tha  den¬ 
dritic  oroaa-azm  length  taken  frca  Figure  7*  A  oontinuoua  ourra  la 
obtained.  Since  tha  paraaatar  la  darlvad  free  oonaidaration  of  flrat 
prlnolplaa)  it  la  auggaatad  that  tha  iaprovad  ductility  la  aaaoolated 
with  tha  daoraaaa  In  aloroaagragation  ti^t  occurred  during  tha  high 
taaparatura  botaoganiaatlon. 

Tha  ductility  data  froa  both  oaatinga  oaa  be  ooablnad  on  a 
aingla  graph  by  aaaualng  that  intarcandritlo  dlBanalona  inoraaaa  in  a 
linear  faahion  (9)  with  dlatanoa  froa  tha  chill.  Such  raaaonlng  laada 
to  tha  aiapla  aubatltutlon  of  dlatanoa  froa  tha  aurfaca  of  tha  chill 
for  diffusion  dlatanoa.  Tha  ductility  data  for  both  castings  la  plaoad 
on  these  plots  end  in  both  oaaaa  a  reasonably  aaooth  ourra  Is  obtained. 
In  Figure  15  tba  dlffualon  ooaffiolant  caployad  had  a  value  of  5.75  z 
10-1  OoB^  azoapt  in  tha  case  of  three  bars  fTon  casting  46  that  ware 
haaeganisad  for  20  hours.  It  was  noted  titat  the  aotual  taetparatura  of 
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hoQO|r«nltation  h«r«  was  2433*F*  appropriate  diffusion  oosfflolsnt 
under  euoh  oiroufrjttenoee  would  be  2,54  x  Suob  a  eubetltu- 

tion  /lelded  a  ell^iht  eaoothin^  of  the  ourve  In  Fi^fure  13 • 

llbe  ohangee  that  ooour  during  the  2300*F  homogenication  oan 
easily  be  Tlaualiaed  by  study  of  the  fraotured  tensile  bars  from  sonal 
casting  48  in  Figure  I4.  Bars  that  reoeived  the  standard  treatment  and 
bars  that  underwent  2300*F  homogenisation  were  maoroetohed  and  bhen  set 
aide  by  aide  for  oonparlson.  Maoroetohing  clearly  shows  that  the  mao- 
rostruoture  tends  to  be  eliminated  by  the  2300*F  treatment.  This  li 
espeolally  true  at  great  dlstanoes  from  the  oaetlng  surface*  The  frac¬ 
ture  oharaoterlstlOB  also  change.  Interdendrltlo  fracture  can  be  seen 
In  bar  1-H  whle  Its  coiqianlon  1-2300*F  fraotured  In  a  oup-and-oone 
fashion.  Flnallyf  the  Increase  in  ductility  resulting  from  the  2500*F 
treatment  is  clearly  Indicated  by  the  neohlng  of  the  230O*F  bars. 

r  COMCUJSIONS  ” 

A  number  of  praotloal  and  theoretical  conclusions  emanate  from 
this  work.  It  has  been  shown  that  mlorosegregation  and  dendritic  site 
play  a  major  role  in  determining  meohanloal  properties  of  hi^-strength 
-steel  castings,  and  that  microsegregation  oan  be  eliminated  by  means  of 
2300*F  homogenisation  treatment.  The  resulting  oast  material  eodiiblts 
meohanloal  properties  Identical  to  longitudinal  properties  of  forged 
bar  stock  at  the  same  strength  lerel.  Transverse  forged  properties  are 
mlwsys  inferior  to  longitudinal  properties,  thus  the  meohanloal  prop¬ 
erty  superiority  of  this  oast  steel  is  established. 
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Fiiura  3.  HI8II  TENPEMTURE 
N(M(MENlZATlOi  APPARATUS 


Figure  g.  »CCNAMICAL  PROPERTIES  OF 
CONVENTIONAL  AND  UHIOIRECTIONAL 
HIW-5TRER8TH  STEEL  CASTIN9S 
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0.125"  FROM  CHILI  6X  O.M"  FROM  CHILL  5X  2.31"  FROM  CHILL  3X 

Fl9ur«  S.  MACIOSTiUCTUItC  MMLUl  TO  THE  DIRECTION  OF 
SOLIDIFICATION  (STEAA'S  REAlERT) 


0.125"  FROM  CHILL  O.W"  FROM  CHILL  1.0*''  FROM  CHILL 


2.31"  FROM  CHILL  3.«*"  FROM  CHILL 


Figur*  «.  NACROSTRUCTURE  FERFEHDICUUR  TO  THE  DIRECTION  OF 
SOLIDIFICATION  (STEAD'S  REASENT).  6X. 

U.  S.  ARNV  materials  RESEARCN  AOENCY 

1^65-2*8/AMC-6* 
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Figure  7.  DISTANCE  FNOM  CHILL 
VERSUS  LENGTH  OF  CROSS  ARM 


Figure  9.  LOCATION  OF  MICROPRONE  SCANS 
AT  0.125*  FROH  CHILL  (lOOX)  AND  3.44* 
FROH  CHILL  (26X) 


U.  S.  ARMY  MATERIALS  RES 


:«-066-3<»c  •Atr-64 


Figure  S.  DENDRITE  ARM  SFACINR 
PARALLEL  MITN  TNE  DIRECTION  OF 
SOLIDIFICATION  IN  UNIDIRECTIONAL 
HIlM'STRERGTH  STEEL  CASTINGS 
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Figure  10.  MAXIMUM  AND  MINIMUM 
MEIGHT  PERCENT  OF  ALLOYING 
ELEMENTS  VERSUS  DISTANCE  FROM 
THE  CHILL  (INCHES) 
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Figure  13.  PERCENT  REDUCTION  OF  AREA 

VS  DIFFUSION  COEFFICIENT  X  TIME 

- - »\  106  / 

OJ STANCE  FROM  CHILL  (c*T 
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Figure  12.  PERCENT  REDUCTION  OF  AREA  VS 
DIFFUSION  COEFFICIENT  X  TIME 


UNdTN  OF  CROSS  ARM  (one  side)  (cn^) 


TideMcs?) 


9.75*  S.OO*  1,6S* 

DISTASa  FROM  CHILL 

Figure  IN.  CASTINO  NO  •  TENSILE 
UaU  FOR  NORMAL  NEAT  TREATMENT 
AND  2800  F  N0M08ENIZATI0N 
TREATMENT  FOR  ISO  NOUNS 
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APPLEBY  and  OUMSTEDE 


NUMERICAL  SOLUTION 
OP  THE  DISTRIBUTION 
OP  WIND  AND  TURBULENCE 
IN  THE  PLANETARY  BOUNDARY  LAYER 


J.  P.  APPLEBY,  and  W.  D.  OHMSTEDE 
U.  S.  ARMY  ELECTRONICS  RESEARCH  &  DEVELOPMENT  ACTIVITY 

PORT  HUACHUCA,  ARIZONA 


1.  INTRODUCTION 

Meteorology  Is  subdivided  according  to  the  scales 
of  micrometeorology,  roesometeorology  and  macrometeorology . 
This  division  appears  real  since  research  Interests  and 
successes  have  been  widely  separated.  If  mesooscale 
phenomena  are  regarded  as  perturbations  within  the  macro¬ 
scale,  two  elements  can  be  selected  to  characterize  the 
divisions.  These  would  be  the  logarithmic  wind  profile 
to  characterize  micrometeorology  and  the  geostrophlc  wind 
to  characterize  the  others.  Both  of  these  relationships 
are  rather  successful  formulas.  The  geostrophlc  wind 
equation  has  been  used  to  evaluate  the  horizontal  field  of 
wind  In  the  free  atmosphere  from  the  pressure  distribution. 
The  logarithmic  wind  profile  equation  has  been  usVd  to 
re:.ate  the  vertical  distribution  of  wind  speed  Immediately 
above  the  earth's  surface  to  the  momentum  transport  and 
to  the  roughness  characteristics  of  the  surface.  On  the 
face  of  It,  there  does  not  appear  to  be  any  direct  connec¬ 
tion  between  these  two  relationships  as  they  deal  with 
different  regions  of  the  atmosphere. 

The  purpose  of  this  report  is  to  present  a  hypothesis 
which  unifies  these  two  concepts.  The  model  resulting 
from  the  hypothesis  Is  solved  and  the  results  are  presented 
In  a  form  usable  for  many  situations  where  It  Is  necessary 
to  predict  the  vertical  distribution  of  the  wind  and 
turbulence  characteristics  within  the  planetary  boundary 
layer.  The  treatment  will  be  limited  to  the  barotroplc, 
adiabatic,  steady  state  case.* 

2.  DEVELOPMENT  OP  THE  MODEL  EQUATIONS 

*  A  non-steadf  state  case  is  required  to  iaqozparate  tiui 
■eso-icaie. 
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lha  nodal  aquationa  a^  ^valc^ed  fron  the 
aquation  of  notion: 

dV/dt  •  *V/at  ♦  VoVV  •  -  2QxV  ♦  g  -  l/pvp  l/pVoT 

^  (1) 
whare  V  ia  the  wind  valocity  vactor  ralativa  to  a  point 
on  tha  aarth*8  aur(aoa*  Q  ia  the  angular  velocity  of  tha 
aarth*a  rotation^  g  ia  tha  aocalaration  of  gravity,  and 
t  ia  tha  atraaa  dyadic.  Thia  aquation  la  difficult  to 
aolva  without  aimplification. 

For  thia  study  wa  aaauna  tha  wind  ia  steady, 
unifom  in  tha  horiaontal  and  that  tha  horisontal 
praaaura  gradient  force  ia  unifoxnn  and  constant.  As  a 
result  aquation  (1)  can  be  reduced  to 

-  fu  •  1/p  »p/Jy  -  1/p  aty/iz 

fv  ■  i/p  ap/ax  -  i/p  atx/az  (2) 

♦  ♦  •* 

where  V  «  ui  \yi,  f  *  2hain0  whare  0  ia  the  latitude, 

fia  the  pressure,  and  and  are  stresses  in  the 
and  J  directions,  respectivelf. 

At, this  point  we  Introduce  thg  geos trophic  wind 
<0)  which  is  defined  as  U  •  Oj^l  OyJ  •  1/pf 
(tap/iy  -  Jap/ax),  substituting  this  in  equation  (2)  we 
Obtain 

f(a -u)  ♦  i/p  awaz  •  0 

l.:-'  a  • 

-f(a -V)  +  1/p  aT_/az  •  o  (3) 

y  * 

Equations  (3)  are  then  tha  fundamental  equations  of  the 
modal.  Tha  solution  of  aquation  (3)  requires  a  knowledge 
aoV  stresses  throughout  the  layer.  Since  the  atmospheric 
boundary  layer  is  in  most  cases  fully  turbulent,  the 
m tresses  in  equations  (3)  are  the  Reynolds  stresses— 
^statistical  quantities  that  represent  the  covariances  of 
^ha  turbulent  fluctuations.  Our  knowledge  is  still 
inadequate  to  derive  transport  relationships  from  the 
primitive  aquation,  so  we  must  rely  on  semi-empirical  or 
-phenomenological  theories  to  obtain  a  solution.  Prandtl's 
mixing-length  hypothesis  has  been  used  in  turbulent 
transfer  models  for  three  decades.  We  have  used  this 
boncept  in  the  solution  of  equation  (3)  knowing  the 
rresults  will  not  be  precise  but  believing  they  will  be 
ugeful. 


APPlfBY  and  OHNSTEDE 


The  mixing-length  relmtlonahip  c&n  be  expressed 

by  2  2 

t/p  •  U*  •  (idU/ds)  (4) 

where  U#  i  (t/p)*/2  Is  the  friction  velocity »  i  Is  the 
mixing-length  and  U  Is  the  wind  speed.  This  expression 
Is  more  common  In  the  form: 

t/p  ■  U*tdU/dz  •  K  dU/dx  (5) 

where  K  Is  the  eddy  viscosity.  There  have  been  conflict¬ 
ing  views  on  the  factors  which  control  the  mixing-length, 
von  Karman  believed  that  the  magnitude  of  the  mixing- 
length  is  determined  by  local  flow  conditions,  while 
Prandtl  relates  the ^magnitude  to  the  gross  features  of 
the  flow,  von  Karman *s  hypothesis  has  certain  desirable 

mtures  but  has  not  been  generally  accepted  (see  Lettau 
) .  In  free  turbulence  Prandtl  views  the  mixing-length 
as  constant  in  a  cross-section  of  the  mixing  tone  and 
Its  magnitude  as  proportional  to  the  width.  In  a  wall 
turbulence  regime.  It  Is  assumed  that  the  magnitude  of 
the  mixing-length  is  proportional  to  the  distance  from 
the  wall  and  can  be  expressed  by: 

1  -  kz  (6) 

where  k  is  von  Karman *s  constant.  Combining  equations 
(4)  and  (6)  and  integrating  gives  the  logarithmic  profile 
of  the  surface  boundary  layer 

U  ■  U*/k  In(t/ZQ)  (7) 

where  Is  a  length  characterizing  the  roughness  of  the 
surface?  • 

Neglecting  the  variation  of  the  air  density  with 
height,  we  can  Incorporate  equation  (5)  Into  equation  (3) 
with  the  result: 

f(Ojj-u)  ♦  3/az  (u»  Jl3v/2z)  •  0 

-fCQy-v)  ♦  i/iz  (u»  tau/3z)  -  0  (8) 

Actually,  equation  (7)  Is  Inconsistent  with  equation  (8). 
The  logarithmic  wind  profile  assumes  that  the  shearing 
stress  (U«idU/dz)  Is  constant  with  height,  equation  (8) 

*  A  more  general  discussion  of  the  roughness  length  can 
be  found  In  ERDAA-MET-7-63  report,  "A  Model  for  Wind  Plow 
In  An  Idealized  Vegetative  Canopy”. 


87 


APPLEBY  and  OHMSTEDE 


ahows  that  the  gradient  of  the  atresa  la  greateat  near 
the  aurface.  Thla  can  be  reconciled  by  recognizing  that 
the  percentual  rate  of  change  near  the  aurface  la  ao 
amall  aa  to  make  the  wind  profile  logarithmic.  At  great 
height  the  atreaa  will  vanish  and  by  equation  (8)  the 
wind  becomes  geostrophlc;  thus  the  solution  should  have 
the  desired  features  of  our  objective. 

To  solve  the  model  equations  the  specification 
of  the  vertical  distribution  of  the  mixing-length  Is 
required.  According  to  equation  (6),  the  mixing-length 
Is  Independent  of  kinematic  characteristics  and  solely 
a  function  of  proximity  to  the  boundary.  It  seems 
unreasonable  that  equation  (6)  should  be  valid  Infinitum. 
The  outer  portion  of  the  boundary  layer  behaves  more  like  ' 
a  region  of  free  turbulence  than  of  wall  turbulence,  which 
suggests  that  the  mixing-length  should  approach  a 
limiting  value  far  from  the  surface. 

It  Is  proposed  that  for  a  steady-state,  neutral 
atmospheric  boundary  layer,  the  mixing- length  Increases 
with  height  at  the  rate  given  by  von  Karman's  constant, 
but  there  Is  a  linear  feedback  which  prevents  unbounded 
growth.  This  can  be  expressed  by  the  following  differen¬ 
tial  equation: 


dt/dz  -  k  -  i/L  (9) 

where  L  Is  a  constant.  The  solution  of  equation  (9) 
which  satisfies  the  boundary  conditions  Is 

i  -  t^,(l-e“*^^)  (10) 

where  t^/L  *  k.  This  equation  has  the  characteristics 
that  A  increases  linearly  with  height  near  the  boundary, 
t)ut  approaches  the  limiting  value  at  great  height. 

Figure  1  compares  ''^uatlon  (10)  with  the  mixing-length 
distribution  computed  from  Lettau'sl^J  reanalysls  of  the 
Leipzig  wind  profile.  The  agreement  Is  reasonably  good 
except  In  the  upper  portion  of  the  profile.  In  this 
region  the  evaluation  of  the  mixing-length  Is  less  relia¬ 
ble  because  of  the  small  values  of  the  velocity  derivative. 

3.  NUMERICAL  SOLUTIONS  OF  DIFFERENTIAL  EQUATIONS 

Equation  (10)  has  been  adopted  as  the  general 
expression  for  the  mixing-length  and  now  It  Is  possible 
to  solve  for  the  velocity  profile  In  the  plauietary 
boundary  layer.  For  computing  purposes,  the  equations 
«re  expressed  In  non-dimensional  form  by  defining  new 
variables : 
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V  «  (Ojj-u)/a,  V  •  (Oy-v)/a,  a  ■  Tjj/po**  t"  ty/po* 

T  -  U,/a  -  (o^+t*)'/"  R^«0/fEo  X  -  z/t^ 

where  Is  tez*med  the  surface  Rossby  number.  Using 
these  new  variables^  equations  (3)  and  (5)  are  expressed 
as: 


and 


V  -  Rq  »s/ax,  u  -  -  R^  3t/ax  (11) 

S  -  -  T(to/io)Y  3U/»X.  t  -  -  t(1o/*o)y  JV/ax 

(12) 


where  y*  l<»exp(-x/L) .  Differentiating  equations  (11) 
and  substituting  the  results  in  equation  (12)  we  obtain 

s  •  A*Ty  i^t/ax*  t  ■  -  A-iv  a*s/ax* 

®  ®  (13) 


where  A^  -  R^  t^/z^. 


The  boundary  conditions  require  that  s"t"0  at 
great  height  and  we  can  choose  axes  of  orientation  so 
that  at  the  lower  boundary  t«0  and  s«Sq.  For  each  value 
of  the  parameter  A^,  there  must  be  a  corresponding  value 
of  8a«  The  actual  relationship  of  s.  and  A„  cemnot  be 
determined  until  the  solutions  are  known,  it  is  necessary 
to  rewrite  equations  (13)  in  a  form  containing  only  a 
single  parameter.  This  is  done  by  defining  new  variables: 

P  -  A^T  Q  -  A§8  R  •  A^t 

Using  these  terms «  equations  fl3)  become 

Q  -  Py  3*R/3x*  :  R  -  -  Py  9*Q/3x*  (It) 

with  boundary  conditions  of 


x*l:  Q-a^t  R«0 
%  *  •  i  Q«R«  P«0 

From  equation  (It)  and  the  boundary  conditions,  a 
particular  solution  is  completely  specified  by  the  quan¬ 
tity  Qq.  provided  y  ie  solely  a  function  of  the  distance 
from  the  boundary. 

Difficulties  were  encountered  in  solving  equa¬ 
tions  (14).  It  was  necessary  to  assume  that  Q  and  R 
became  negligible  at  a  finite  but  large  height  rather 
than  at  infinity.  Several  mathematical  methods  were 
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triad  to  solve  the  equations.  The  one  adopted  was  the 
finite  dlfferenoe  method  of  Crank  and  Nicholson  p]. 

Briefly,  the  solution  consisted  of  transforming  the 
Independent  variable^  to  y  •  v^TTST  x  and  establishing  a 
^rid  of  100  equally  'spaced  points  in  the  y  domain 
between  x  ■  1  and  x  ■  H.  The  derivatives  at  the  f^rld  points 
were  approximated  from  second-order  Lagranglan  polynomials 
utilising  the  values  of  the  variables  at  adjacent  grid 
points.  On  the  basis  of  ordinary  differential  equations, 
a  form  of  parabolic  partial  differential  equation  was 
assumed,  nie  final  solution  was  derived  by  integrating 
the  partial  diffei^ntlal  equation  until  the  solution 
decayed  to  the  steady  state  ordinary  solution. 


Choosing  »q/Sq  •  3.125x10“^,  solutions  of  equation 
ilk)  were  computed  for  boundary  values  (Q^)  ranging  over 
three  orders  of  magnitude.  The  solutions  can  be  applied 
~  any  arbitrary  surfacp  roughness  length  by  accepting  as 
Jboundary  conditions  the  values  of  Q  and  R  at  the  corres- 
^^onding  height.  The  roughness  length  plays  a  significant 
.role  in  translating  the  solutions  of  Q  and  R  into  terms  of 
physical  variables.  By  definition,  at  height  Zq  the 
i^eloolty  is  cero.  In  terms  of  nondlmensional  variables, 
~^hls  requires  that  •  1.  Prom  equation  (11)  R* 

^(>8/ix)*  ♦  (at/ax)*  3*1.  The  surface  Rossby  number 
^Rq)  can  then  be  determined  for  a  given  solution  at  any 
Iroughness  length  by  the  equation: 


the  quantity 


(15) 


0/fi  •  (*o/*„)’C(3Q/8x)2  (3R/ax)2]'^2 

®  °  (16) 
^We  found  that  the  derivatives  of  Q  and  R  at  the  lower 

^^oundary  could  not  be  adequately  determined  from  finite 
^^^ifference  formulae,  so  an  approximate  analytical  solu- 
^%lon  was  developed.  Since  Q  and  P  are  nearly  constant 
®^v4#lth  height  at  the  lower  boundary  we  can  express  Q  and  P 
^^n  terms  of  the  average  values  in  the  first  meter  above 
-^3the  surface.  We  know  from  Equation  (6)  that  y  ■  (z  /L)x 
%f)ear  the  boundary.  The  first  equation  of  equations  (13) 
^ -can  be  expressed  as: 

i*R/ax2  •  LtJ  i/x7zo  (17) 


where  the  bar  denotes  average  values.  Integrating  twice, 
we  derive  an  expression  for  the  derivative  at  the  lower 
Jboundary.  A  similar  approach  can  be  applied  to  the  second 
of  equations  (It).  Numerical  values  of  the 
derivatives  can  then  be  found  for  any  arbitrary  height  (x) 
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from  tha  rtaultlng  axpreislons.  Then  the  surface  Rossby 
number  and  O/ft^  can  be  determined  for  any  roughness 
lengths  from  equations  (15)  and  (16). 

The  surface  Rossby  number  (Q/fs  )  is  a  useful 
parasMter  for  characterizing  the  planetary  boundary  layer 
just  as  the  Reynolds  number  characterizes  turbulent  flow 
through  ducts.  Two  additional  parameters  which  are  useful 
are  the  angle  between  the  surface  wind  and  the  geostrophlc 
wind  (a)  and  the  geostrophlc  drag  coefficient  (C).  The 
surface  wind  angle  can  be  determined  by  the  following 
equation: 


a  ■  arctan( JQ/ax/iR/*x)  -  arctan(R/Q) 

(18) 

evaluated  at  the  roughness  height  Zg.  The  geostrophlc 
drag  coefficient  is  given  by  C«  Ue/o  where  U«  is  evaluated 
at  the  rou^ness  height  Zg.  This  leads  to  the  following 
formula  for  evaluating  the  surface  stress  in  terms  of  the 
geostrophlc  wind: 

tg  -  pC*a2  (19) 

The  solutions  of  equations  (13)give  the  vertical 
distribution  of  the  stress  vector.  According  to  equations 
(11)  the  nondlmenslonal  velocity  is  proportional  to  the 
derivative  of  the  shearing  stress.  Near  the  surface  these 
derivatives  were  determined  from  the  approximate  analytic 
solutions.  For  the  remainder  of  the  profile  the  deriva¬ 
tives  were  approximated  from  second-order  Lagrangian 
polynomials  using  values  at  the  adjacent  grid  points. 
Nultlplyfng  the  derivatives  by  the  Rossby  number  gives  the 
velocity  components. 

4.  BOUNDARY  LAYER  MODEL 

The  development  to  this  point  has  been  formal 
in  that  we  have  stated  the  differential  equations,  postu¬ 
lated  a  functional  form  for  the  mixing-length,  and  found 
a  number  of  solutions  of  the  equations  using  the  assumed 
mixing-length  relationship.  The  important  question  is— 
which  of  these  solutions  are  relevant  to  the  real  plane¬ 
tary  boundary  layer?  To  answer  this  question  we  shall 
invoke  the  idea  of  similarity.  We  assume  that  the 
Reynolds  number  of  the  planetary  boundary  layer  is  so 
large  that  a  universal  equilibrium  structure  for  turbulent 
eddies  exists.  The  scale  of  the  turbulent  eddies,  as 
measured  by  the  mixing-length,  is  universally  related  to 
the  gross  scale  (depth)  of  the  boundary  layer  for  any 
given  surface  Rossby  number.  Equation  (10)  shows  that 
either  or  L  is  adequate  to  characterize  the  eddy  struc- 
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ture.  Th«  gradient  wind  lavaX  (that  laval  whara  the  wind 
vaXocity  first  raaohas  tha  dlraotlon  of  the  gaostrophlc 
wind)  has  bean  usad  widely  in  meteorology  and  is  a  direct 
scale  length  analogous  to  tha  boundary  layer  depth  of 
Fluid  Neohanlos,  Consequently »  we  have  chosen  i.  to 
characterise  the  eddy  structure  and  the  gradient  wind 
level  (H)  to  characterise  the  gross  scale  of  th<*  plane¬ 
tary  boundary  layer. 


According  to  our  notion  of  similarity,  the  ratio 
of  the  gross  length  scale  of  the  boundary  layer  and  the 
length  scale  of  the  eddy  structure  (H/to)  is  a  universal 
constant.  To  determine  its  magnitude  we  again  resorted 
to  the  observations  of  the  Leipsig  wind  profile.  These 
data  yield  an  H/Iq  •  33* This  constant  defines  the 
surface  wind  angle  (o)  and  the  geostrophic  drag  coeffici¬ 
ent  as  unique  functions  of  the  surface  Rossby  number. 

With  this  eonsuant  we  are  able  to  select  the  solution 
which  is  proposed  as  the  universal  solution  of  the  steady 
^«tate,  barotroplc,  neutral  planetary  boundary  layer. 

T'able  1  presents  this  solution  in  terms  of  the  nondimen- 
lional  variables. 


We  can  now  demonstrate  how  this  solution  is  used 
to  determine  the  distribution  of  wind  and  turbulence  in 
ithe  planetary  boundary  layer.  We  can  also  Illustrate 
some  of  the  more  salient  features  of  the  model.  To  use 
the  model,  it  is  necessary  to  specify  the  three  para- 
aieters  which  determine  the  surface  Rossby  number,  namely, 
the  geostrophic  wind,  the  latitude,  and  the  surface 
roughness.  The  geostrophic  wind  can  be  readily  evaluated 
from  synoptic  (or  prognostic)  weather  maps  while  several 
sources  Cs,$]  can  be  consulted  to  evaluate  the  roughness 
%t  the  site. 


The  relationship  of  Hf/G  and  iof/0  to  the 
surface  Rossby  number  as  derived  by  the  model  is  illus¬ 
trated  in  figure  2.  The  magnitude  of  i  and  H  can  be 
determined  from  figure  2,  consequently,  the  nondlmenaion- 
al  height  (s/1q)  of  Table  I  can  be  converted  to  true 
height  B.  We  can  also  determine  the  relationship  of  the 
angle  of  the  surface  wind  (o)  and  the  geostrophic  drag 
eoeffleient  (C)  to  the  surface  Rossby  number.  These 
relationships  are  Illustrated  in  figures  3a  and  3b.  Small 
angles  of  the  surface  wind  are  associated  with  string 
geostrophic  wind,  low  latitude,  and  small  roughness.  This 
dependence  on  roughness  can  be  seen  on  any  surface  synop¬ 
tic  weather  chart.  The  eross-isobaric  flow  is  consider¬ 
ably  less  over  the  sea  than  over  vhe  land.  The  trend  of 
the  geostrophic  drag  coefficient  is  similar  to  that  of 
the  surface  wind  angle.  If  one  compares  figure  2  with 

$2 


APPLEBY  and  OKMSTEDE 


figures  3&  and  3b •  it  is  apparent  that  the  surface  i^ind 
angle  (a)  and  the  geos trophic  drag  coefficient  (C)  are 
less  sensitive  to  changes  in  Q/f  than  are  H  and 

Unfortunately,  very  little  data  exists  which 
can  bt  i.  ed  to  verify  the  model.  With  the  exception  of 
the  Lelpsig  wind  profile,  the  available  data  do  not 
satisfy  the  conditions  of  the  model  (barotroplc,  neutral, 
steady  state)  and/or  the  method  of  computation  used  to 
analyze  the  data  is  of  doubtful  validity.  Nevertheless, 
all  known  observations  have  been  plotted  on  figures  3a 
and  3b  to  permit  comparison  with  the  results  of  the  model. 
Although  there  is  qualitative  agreement  between  the  model 
and  the  observations,  the  scatter  is  too  great  and  the 
number  of  observations  too  few  to  permit  any  formal 
statistical  analysis  of  the  results.  A  graphic  presenta¬ 
tion  of  the  salient  feature  of  the  model  is  present  in 
figures  Figure  ta  is  the  hodograph  of  the  wind 

vector  in  arbitrary  units.  A  line  representing  the 
geostrophlc  wind  vector  Is  drawn  from  the  origin  to  the 
desired  value  of  Zq/*-q.  The  velocity  at  any  height  z  Is 
found  by  drawing  a  line  from  the  value  of  Zo/i© 
z/1q  corresponding  to  z.  In  a  similar  manner,  the  hodo¬ 
graph  of  the  shearing  stress  vector  is  shown  In  figure  <lb. 
The  magnitude  of  the  surface  stress  (t  )  can  be  determined 
by  finding  the  drag  coefficient  from  figure  3h  and  solving 
equation  (19)« 

Figure  5  shows  the  vertical  distribution  of  the 
relative  eddy  viscosity  (K/l  G),  From  previous  discussion 
we  concluded  that  for  a  fixed  roughness  and  latitude, 
Increases  with  increasing  geostrophlc  wind.  Therefore, 
the  eddy  viscosity  is  proportional  to  the  geostrophlc 
wind  to  a  power  greater  than  one.  A  simple  computation 
shows  that  the  maximum  f  the  eddy  viscosity  occurs  at  a 
height  approximately  1/5  of  the  gradient  wind  level. 

5.  DISCUSSION 

The  planetary  boundary  layer  model  presented 
here  contains  the  features  sought  in  the  objective.  In 
the  free  atmosphere  the  wind  approaches  the  geostrophlc 
wind  while  in  the  surface  boundary  layer  the  wind  profile 
is  logarithmic.  It  would  be  misleading  to  imply  from  this 
that  the  idealized  planetary  boundary  layer  could  be  as 
successful  as  the  two  Independent  concepts.  The  fact  that 
the  wind  appears  to  respond  quickly  to  pressure  gradient 
changes,  resulting  in  a  quasl-geostrophic  wind  in  the  free 
atmosphere  even  when  conditions  are  not  ideal,  account  for 
the  success  of  the  geostrophlc  wind  equation.  Similarly, 
the  surface  wind  profile  responds  quickly  to  stress  and 
roughness  changes.  Batchelor  C^«p  2552  emphasizes  that 
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the  etresa  at  the  ground  is  likely  to  respond  slowly  to 
pressure  gradient  changes  which  Indicates  that  for  the 
real  atmosphere  a  true  steady  state  condition  rarely 
exists.  LettauL^jP  257]  In  reply  stated  that  In  the 
lower  portion  of  the  boundary  layer  the  prof] le  will  res¬ 
pond  quickly  to  pressure  gradient  changes,  but  more 
prolonged  Inertial  oscillations  will  complicate  the  upper 
portion  of  the  boundary  layer. 

In  solving  equations  (14)  the  authors  encoun¬ 
tered  computational  Instability  In  the  upper  portion  of 
the  boundary  layer  solution.  This  Instability  led  to 
Inertial  oscillations  of  the  type  anticipated  by  Lettau. 

In  spite  of  these  oscillations,  the  lower  portion  of  the 
profile  was  stable  and  the  distribution  of  stress  was  In 
consonance  with  the  steady  state  solution.  This  Is  en¬ 
couraging  for  It  Implies  that  at  the  boundary  such 
features  as  the  stress  and  angle  of  the  wind  are  In  balance 
with  the  g^strophlc  wind  even  If  the  upper  portion  of 
the  boundary  Is  in  oscillation. 

The  restriction  of  the  solution  to  barotroplc 
conditions  was  not  essential,  but  simplified  the  problem 
In  terns  of  the'  number  of  solutions  required.  A  simple 
ire formulation  of  the  problem  representing  the  geostrophlc 
wind  as  a  function  of  height  will  allow  the  thermal  wind 
to  be  taken  Into  account  and  the  same  numerical  technique 
Is  applicable. 

The  restriction  of  the  model  to  adiabatic  con¬ 
ditions  limits  Its  applicability  to  conditions  over  the 
sea  or  land  surfaces  with  overcast  skies.  However,  the 
model  can  be  extended  to  cover  most  conditions  by  Inclu¬ 
ding  a  suitable  expression  for  the  effect  of  stability  on 
the  mixing- length. 

6,  CONCLUSIONS 

We  believe  that  the  development  and  solution  of 
the  planetary  boundary  layer  model  represents  a  signifi¬ 
cant  step  forward,  since  It  furnishes  a  connecting  link 
between  micrometeorology  and  macrometeorology.  We  do  not 
contend  that  the  model  presented  Is  the  final  ajiswer  as 
It  Is  based  on  several  hypotheses  which  require  experi¬ 
mental  verification.  The  model  Is  restricted  to  a  class 
of  atmospheric  conditions.  However,  It  represents  a 
foundation  which  can  be  refined  as  more  experimental  data 
become  available,  and  extended  to  cover  a  broader  class 
of  meteorological  conditions. 

The  present  model  has  strategic  and  design 
applications  which  require  a  knowledge  of  the  distribution 
of  wind  or  turbulence  characteristics  for  differing  situa¬ 
tions.  For  example.  It  is  believed  that  the  model  can  be 
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used  to  evaluate  the  effect  of  roughness  on  the  diffusion 
of  CBR  agents.  Such  a  study  Is  now  under  way.  In  like 
manner,  the  model  can  be  extended  to  a  broader  class  of 
micrometeorological  problems  such  au  determining  climatic 
and  synoptic  estimates  of  evapotranspiratlon  from  large- 
scale  watersheds,  turbulent  transfer  of  heat,  water  vapor, 
and  carbon  dioxide  from  the  earth *8  surface. 

From  a  long  range  standpoint,  one  of  the  great 
challenges  facing  meteorology  is  the  development  of  a 
truly  dlabatlc  model  for  the  oredictlon  of  the  hemispheric 
circulation.  An  important  feature  of  such  a  model  would 
be  the  energy  dissipation  associated  with  the  planetary 
boundary  layer.  The  model  furnishes  estimates  of  the 
dissipation  and  surface  shearing  stress  derived  from 
knowledge  of  only  the  geostrophic  wind,  latitude  and 
roughness. 


It  is  concluded,  therefore,  that  the  planetary 
boundary  layer  model  presented  has  useful  applications 
and  is  worthy  of  extension  to  cover  a  ^roai^ar  class  of 
situations. 
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Table  1 

Basic  Nodal  Solution  aa  a  Funetipa  of  Ralatlve  Height 


»/*o 

(Uq-u)/0 

(VQ-y)/0 

TX/oO^XlO 

Ty/p0*xl0*  , 

J  U,/0 

K/t^O 

53.1 

*0000 

.0000 

.0000 

.0000  .0000 

.0000 

50.0 

.0021 

-.0009 

.0007 

•0005  .0009 

.0010 

45.0 

.0043 

.0052 

.0005 

*0035  .0019 

.0019 

40.0 

-.0030 

.0147 

-.0080 

.0048  .0031 

.0031 

35.0 

-..0112 

.0174 

..0151 

.0020  .0039 

,0047 

30.0 

-.0465 

♦  .0030 

-.0316 

-.0319  .0067 

.0067 

25.0 

-.0653 

-.0306 

-.0218 

-.0772  .0089 

.0090 

20.0 

-.0676 

-.0809 

.0213 

-.1315  .0115 

.0115 

15.0 

-.0429 

-.1411 

.1096 

-.1781  .0144 

.0144 

10.0 

.0099 

-.2011 

.2472 

-.1942  .0177 

.0174 

6.4 

.0711 

-.2381 

.3741 

-.1719  .0203 

.0187 

5.0 

.1010 

-.2503 

.4285 

-.1527  .0213 

.0184 

2.5 

.1724 

-.2690 

.5327 

-.0988  .0233 

.0147 

1.0 

.2460 

-.2787 

.5978 

-.0503  .0245 

.0081 

.5 

.2956 

-.2819 

.6200 

-.0283  .0249 

.0045 

0.25 

.3420 

-.2835 

.6317 

-.0162  .0251 

.0024 

0.10  . 
3.125x10  % 

.3999 

-.2845 

.6363 

-.0028  ,0252 

.0010 

.4785 

-.2852 

.6413 

.0000  .0455 

,0000 

3.125x10-;. 

3.125xl0-c_ 

.6665 

-.2855 

.6426 

.0000  .0350 

.0000 

.8124 

-.2855 

.6427 

.0000  ,0294 

.0000 

3.125xl0:J; 

3.125x10 

.9584 

-.2855 

.6428 

,0000  .0254 

.0000 

1.1043 

-.2855 

.6428 

.0000  .0222 

,0000 

^Applicable  to  heights  only. 
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DETERMINATION  OF  THE  IONOSPHERIC  ELECTRON 
CONTENT  OTILIZING  SATELLITE  SIGNALS 


PAUL  R.  ARENDT,  ARISTOli  PAPAYOANCU,  and  HAIM  SOICHER 
U.S.  ARMY  ELECTRONICS  RESEARCH  AND  DEVELOPMENT  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 


INTRODUCTION 

lonotpherlc  alectron  content  may  be  detexiBined  from  satel¬ 
lite  signals  by  both  active  and  passive  methods*  the  former  involve 
measurements  by  the  satellite  itself,  the  latter  involve  measurements 
by  ground  stations.  This  paper  touches  on  both  methods,  limiting  the 
discussion  to  topside  ionospheric  sounding,  for  the  active  case,  and 
to  c-w  transmission  from  the  satellite  and  ground  reception,  for  the 
passive  case.  Active  methods,  which  yield  complete  information  about 
the  altitude  profile  of  the  electron  density,  depend  on  specific  in¬ 
formation  regarding  the  satellite's  position  and  the  geomagnetic  field 
strength  along  the  radio  path.  Under  restricted  circumstances,  f>as- 
sive  methods  are  independent  of  such  specific  information. 

PASSIVE  METHODS 

The  passive  method  has  been  used  since  the  launching  of  the 
first  artificial  satellite.  Application  of  this  method  is  based  on 
stable  c-w  satellite  transmissions,  the  stability  of  which  should  be 
high  compared  with  the  measurement  tolerances  (l).  When  two  or  more 
frequencies  are  required,  the  frequmcies  should  be  phasc*-coherent. 
These  conditions  have  been  or  will  be  met  by  various  satellites i  Sput> 
nik  III,  the  Navigational  series,  and  the  forthcoming  S-66  are  ex- 
aaqples. 

Passive  methods  involve  determination  of  the  Doppler  fre¬ 
quency,  the  Faraday  phase  rotation,  or  both.  The  equations  governing 
these  phenomen  are  well  known  (2)(3)(4)|  however,  it  is  useful  to  re¬ 
view  their  inter-relation  under  various  conditions  (Tables  I  and  II). 

A  comparison  (Table  II)  indicates  that  none  of  these  equations  can  be 
used  alone  for  determination  of  the  electron  content.  We  must  intro¬ 
duce  either  simultaneous  data  from  different  frequencies,  data  taken 
at  different  times,  or  hybrid  aiethods  using  both  effects.  However, 
all  these  methods  require  additional  information  regarding  the  orbital 
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The  various  eenditluns  for  •lopllflostion  of  the  general 
equationa  are  indicated  in  Table  II.  Equations  la  and  lb  deecribe 
obeervable  effects  due  to  the  awtion  of  the  source  and  to  the  nature 
and  variation  of  the  Mdiuai  along  the  signal  path*  For  ordinary  ion¬ 
ospheric  conditiensi  the-  neditas  SMy  be  assuned  to  be  static  during  the 
tiiae  of  observations*  This  assuoption  la  pemisaible  provided  that 
ionospheric  frequency  scintillations  (5) (6)  in  the  range  of  lower  fre* 
quancies  (20  to  50  Me)  rawain  saMll*  Under  the  static  eonditionf  we 
lUve  the  Doppler  Equation  2a^  (Table  II)*  An  additional  siaipliflcatlon 
is  obtained  for  the  Faraday  equation  in  assuning  that  the  gecaagnetic 
coaqwnent  (B  cos  d)  is  constant  over  t^ie  entire  ionospheric  section 
of  each  particular  ray  path*  This  constant  is  equivalent  to  a 
value  that  in  principle  is  different  at  each  tiaie  noaisnt,  and  is  plaesd 
^foee  the  integral  in  Equation  3b  and  designated  as  "effective"  value 
B  cos  d«  Note  that  both  Equations  2a  and  3b  contain  the  local  densily 
Mp  wultiplied  by  the  velocity  cowponent  dS/dt  and  the  integral 

jBI^Bt  ds*  Mewever,  in  the  equation  for  the  Faraday  effect^  the  fee- 
tor  B  cos  d  is  aailtiplied  by  N*  Since  Equations  2a  and  3b  cannot  be 
solved  for  the  election  content  without  special  inf  onset  ion  about  the 
.  inherent  parwaeters,  further  eiaplifications  have  been  introduced  idlh 
_-^the  assuiiption  of  a  straightline  path  of  poropagation  in  a  stratified 
ionosphere*  The  correspo^ing  coordinate  trans  forest  ions  aret 


-^qr  a  clpccilaT  orbit  (7)(S) 

r^E«H/^t]ds 


(R  -  Np)  di/dt 


(«) 


for  an  elliptical  ortit  (9) 

FdH/BtJds  »  (R  -  Hp){dS/dt-  (S/ii^)dhydt} 


(9) 


-  -Tltese  transforaations  result  in  Equations  ia»  4b»  5a,  5b,  resoectively 
^^^Table  II)*  Asstaing  a  fli^t  vertically  upward  dS/dt  w  dh^t,  we 
J^TOrrive  at  Equations  oa  and  (h  idtich  for  a  vertical  flight  iiTsaipty  out- 
f^jtr  space  (Mp  m  O)  reduce  to  Equations  7S  and  7b*  Further  sias>lifiea- 

r^  ^ions  involve  a  restriction  to  sasll  senith  angles  in  nearly  overhead 
flpessages*  If  these  conditions  are  assiased,  and  the  observation  point 
"Is  located  at  nediva  gecasgnetic  latitude,  we  can  neglect  in  Table  I^ 
during  the  center  part  of  an  overhead  passage,  all  texoM  that  are  re¬ 
lated  to  a  variation  of  h  cos  #•  This  is  a  sharp  geosotrie  restric¬ 
tion,  however,  as  shewn  below,  it  los  to  be  wade  Independently  and 
rigorously  for  the  SMlicability  of  'ttie  differential  Doppler  sMthods. 
Thus,  with  B(B  cos  d)/!)t  s  0,  we  arrive  at  a  siiqilified  version  (10) 
pf  Equation  4bi 


d(Aa)/dt  «  (k/f*)R  FcoTf  d^dt  (4b) 

„  ^  Assualng  the  first  order  of  high-frequency  approxiaation  for  the 
refractive  indsot  for  frequencies  larger  than  the  plaaaa  frequency 
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t«99th»r  «ith  Sqiustica  4s  rssults  ia 

B  •  fyicAfK  V  cQt  #  Cd(A«)/dtr'  ^  kO  (10) 

«rhtn  A  rstSAiMbl*  ipprexiaition  for  E  UI'V  csn  bs  found,  A»  •  first 
spproxlMtion,  ths  tom  kf  can  bs  nsglsetad  and  Equation  10  boconost 

R  •  f’  d(da)/dt^eAf  R  B  cos  •  (lOs) 

ths  Intsgratsd  aloctron  density  Is  proportional  to  the  ratio  of 
Faraday  fading  rats  and  Doppler  shift.  This  nethod  (Equation  10  or 
10a)  has  the  sdvantage  that  It  Involves  only  one  frequency*  On  the 
other  hsndf  If  R  Is  known  fron  different  infoicoMtlon»  the  above  ■eas- 
uranent  gives  an  estlnate  for  V  Wf  V  that  nay  be  used  further* 

Having  nade  the  aasuaiptlon  that  B(B  cos  •)/Bt  w  0«  we  also 
transfom  Equation  lb  Into  a  slsipllfled  forait 

d(Aa)/dt  «  (K/f*)  B  cos  f  d/dt  j*^P^IIda  (lb) 

o 

where  the  coordinate  transfonaatlon  inherent  In  Equation  4h  has  not 
been  applied*  Conblnlng  Equetlon  2a  and  th«  above  foxw  of  Ib^  and 
ollnlnatlng  d/dtjNds»  are  obtain  (ll)i 

d(4a)/dt  «  (kA)  rrSTW  CdS/dt  -  cAf/f}  (ll) 

Thus*  the  Faraday  fading  rate  ls»  other  things  being  equalf  propor* 
tlonal  to  the  difference  between  the  change  of  the  gaoawtrlc  path 
length  dS/dt  and  the  change  of  the  optical  path  length  cAf/f  (ll)* 

Considering  Equation  2a»  we  can  solve  for  dS/dt  when  too  ob> 
servatlons  at  dlfferwit  frequencies  (?t  and  f^)  are  perforped  slaul- 
tanoouslyi 

dS/dt  «  c(f,Af,  -  fiAf,)/(f;-  f})  (12) 

With  Equations  11  and  12«  are  arrive  at  another  expression  for  e  col 4* 

FcoT?  »  [d(Aa)/dt](l^/cR)(f,-fifi/fa) / ( Af ,-Af i f, /  f i )  (13) 

Considering  two  slwultaneoM  Docpler  oMasursiaents#  are  can 
also  apply  Equation  and  solve  for  N  (?)• 

R  «  (fyk)(Af,  .  Afif,/ft)y^Afr^f,f,/f,)  (14) 

To  obtain  added  confidence  for  the  result «are  differentiate  Equation 
4at 


d(Af)/dt  «  f/c  (1  -  kVf*)d Vdt*  -  (k/cf)dS/dt  dR/dt  (15) 
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Th«  ttcond  t«ra  vnnishtt  for  tht  aosunod  Mtall  zonith  anglat  whan 
dF|/dt  =  0,  or  at  Dopplar  inflaction  point  whara  dS/dt  =  0,  Uting  tha 
naximuni  alopa  o  at  inflaction  tnoiaant  (which  data  can  ba  baaad  on  man/ 

aai^wawA  W(va«  w«  /  f  •  iw  v  «  \*  a/  • 


R  =;  (fj/k)  (tl. 


Oifi/f,) 


(16) 


Wiian  tha  diffarential  Dopplar  mathoda  ara  appliad,  spacial 
pracautiona  ara  necaaaary;  the  applicability  dapanda  on  tha  equality 
of  the  pertinent  gaomatry  for  tha  propagation  of  tha  two  fraquancias. 
Equation  2a  (Tabla  II)  indicates  that  tha  velocity  component  dS/dtf 
ar^  tha  ahapa  and  length  of  tha  lina  intagral,  must  ba  identical.  Ew- 
parimantal  axparlenca  (12)  has  proved  that  these  idantltlas  ara  not 
warranted.  Evan  if  it  la  aaaunad  that  tha  curvature  of  tha  lina  In¬ 
tegral  i&  cloaa  to  a  straight  line  for  both  fraquanciaa,  wa  notice 
(Equation  2a)  tha  affect  from  dS/dt,  which  la  vary  sanaitiva  with  re¬ 
spect  to  amall  changaa  of  tha  direction  of  tha  ray  directly  at  the 
satellite.  Changes  in  (horizontal  gradients)  may  produce  such 

directional  defects  that  affect  the  basic  term  defining  the  momantan- 
aous  Doppler  frequency  shift.  All  other  types  of  ionospheric  irregu¬ 
larities  can  produce  similar  defects.  Obviously,  tha  time  function 
of  the  diffarential  Dopplar  shift  Afj-Aft  fj/ft  whan  applied  to  Iden¬ 
tical  gaomatry,  should  have  its  inflection  point  at  the  same  time  at 
which  Inflection  occurs  for  Afi  and  Af,}  otherwise,  the  assumption  of 
a  straightline  path  would  not  be  Justified.  Thus,  an  Important  test 
is  the  precise  calculation  of  the  time  moment  of  Doppler  Inflection 
for  each  single  frequency  from  a  large  number  of  subsequent  Doppler 
measurements.  When  these  time  moments  for  the  two  fzequancies  differ 
by  an  Interval  larger  than  tha  precision  of  the  calculation  (about  30 
Msec),  we  must  assume  divergent  geometry  and  cannot  appl/  Equations 
13,  14,  l6,  or  their  equivalents.  Doppler  inflection  measurements 
show  that  a  large  number  of  differential  Doppler  data  do  not  corre¬ 
spond  to  such  restrictions.  This  basic  requirement  is  realized  only 
for  close-to-overhead  passages  during  stable  Ionospheric  conditions 
Umall  scintillations)  for  radio  path  penetration  nearly  vertical  to 
stratified  layers.  Thus,  conclusions  from  differential  Doppler  data 
that  have  not  been  checked  for  equal  geometry  may  lead  to  substantial 
errors^  (compare  Figs  2  and  3)« 


The  restriction  for  the  selection  of  passages  to  which  dif¬ 
ferential  Doppler  methods  can  be  applied  leads  directly  to  the  assump¬ 
tion  applied  above  for  the  simplification  of  the  Faraday  Equations  lb 
and  4b.  Within  the  boundaries  of  this  restriction,  we  can  combine 
Equation  13  with  the  following  integrated  version  of  Ibi 

1.  For  the  same  reason,  the  phase-defect  method  (4)  should  be  re¬ 
stricted  to  nearly  overhead  passages  and  small  zenith  angles. 
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^  2w(im)  =  (K/f»)  B  cot  <t>  Nds  (17) 

•nd  obtain  (ll)  the  electron  contmt  integrated  along  the  radio  path 
as  followtt 

r  /  1  / 

3  N«s  s  (cA)Aai  [d(Aa)/dt]  (Afj-Afi  fa/fOAAfa-Afi  fi/fa) 

^  (18) 

The  uncertainity  in  the  total  number  of  phase  rotations^ 
Equation  17,  [2w(i»k:)]  at  any  moment  is  resolved  (13)  by  observing  the 
change  of  the  phase  between  that  moment  and  the  moment  when  the  Fara~ 
day  effect  is  zero*  The  same  result  is  obtained  by  forming  the  dif¬ 
ference  Asi-As/  from  simultaneous  phase  measurements  at  two  different 
but  adjacent  frequencies*  Insofar  as  the  difference  remains  greater 
than  *2  radians*  we  can  neglect  the  experimental  error  e,  which  is  in 
the  order  of  *1  radians  if  recent  phase- following  syste'jis  (14)  are 
applied* 


In  case  the  moment  for  Aa  =  0  cannot  be  observed,  we  use 
Aai-Aa3  from  tno  closely  spaced  frequencies,  and  arrive  at^t 


S(p) 


(19) 


f  Nds  =  (cA)  (Aai-Aa3)[d(Aa)/dtrUf^fyff"‘'-f2)](Af-Aff/P^f“Aff/f  ) 


Note,  three  frequencies  (fi|f2,f3)  are  used,  and  the  assumption  misin3 
has  been  made,  ft  and  f3  being  sufficiently  close* 


The  apparent  symmetry  of  the  Doppler  curves  with  respect  to 
the  inflection  point  has  led  to  a  method  that  is  based  on  the  state¬ 
ment  that  the  absolute  value  of  Af  is  always  ecrjal  at  corresponding 
times  before  and  after  inflection  moment*  E*  Golton  and  B*  Burgess 
(15)  concluded  that  at  those  moments  N  is  the  same.  However,  Equation 
4a,  indicates  that  this  fact  is  justified  only  when  dS/dt  is  also  squal* 
This  assuo^ption  holds  only  for  a  polar  orbit  in  overhead  observation 
when  we  can  neglect  the  Doppler  component  due  to  the  relative  motion 
of  the  earth*  Then,  the  difference  of  corresponding  Faraday  phase 
shifts  at  time  ti  and  t,  becomes) 

,  S(p) 

(Aa).  “(Aa)  =  (b~cos  <p  -b  cos  <p.  )  K/f*(  NdS  (20) 

ta  ti  *2  -o 

Bd  density) 

/dt](Af-Af  f/f  ) 
a  a  \  1  a 

[21) 

From  the  assumed  straight-line  propagation  it  follows  that  both  Afi 
and  Af,  must  be  equal  at  times  ti  and  tj*  A  eheck  of  this  equality 

is  mandatory. ftr.the  iDPlication  of  this  method. _ 

1,  A  method  '2)  replacing  (Aai  -  Asj)  by  d(Aa)/df  cannot  achieve 
a  different  result* 


The  application  of  Equation  13  yields  the  integrate 
f^Nds=c/kHAa)^^-  (Aa)^^]f*[Af-Af  f  /Fpy^(Aa^^/dt-d(Aa;;^ 
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Eq^tlon  18»  19>  and  21  ar*  indapandant  of  data  acqulaltion 
partaining  to  tha  orbital  paraawtara  and  tha  affactiva  componant  of 
tha  gaoMonatlc  flald.  Thay  ara  bound  to  tha  praraqulaitaa  of  gao- 
Mtrlc  Idantity  and  of  conotant  flald  ccaiponont  (i*a.  of  simII  zanith 

anglas). 


In  addition*  othar  axparlaantal  conditions  inust  ba  consid- 
arad.  For  exampla*  whan  tha  phata  raaaauramanta  ara  parfomad  by 
counting  tha  rata  of  aaqalltuda  fadings*  tha  ■aasursnant  of  d(da)/dt 
bacoMS  an  avaraga  ovar  a  tlaia  Intarval  that  Is  dlffarant  In  raal  tl»a 
for  tha  two  frac^ancias.  Thus*  continuous  but  woman t~by  wowant  moaS" 
uramants  ara  ^afarabla.  Tha  naw  phasa-followar  systao  (14)  yialds 
M  and  d(Aa)/at  avary  sacond  from  phasa  comparisons  that  ara  inta> 
gratad  ovar  only  a  small  fraction  of  a  sacond  (Fig  4)*  for  vary  cloca 
fracfjanclas*  tha  dlffarantlal  Oopplar  shift  bacoaMs  so  asiall  that  it 
is  subaMrgad  in  tha  uncartalntlas  producad  by  lonospharlc  fraquancy 
scintillations  and  by  axparimantal  arrors* 

Tha  quastlon  arlsas  whathar  soma  advantaga  could  ba  galnad 
by  the  introduction  of  a  dlffarantlal  ^msa-rotatlon  aathod*  similar 
to  tha  two  dlffarantlal  Doppler  mathods  mantlonad.  Unfortunataly* 
such  efforts  ara  handicapped  by  tha  fact  that  all  slmultanaous 
d(^)/dt  ara  proportional  to  f  Thus  slnultanaous  rata  data  always 
and  In  tha  trivial  aquation t 

fj  d{Aai)/dt  w  f*  d(Aa,)/dt  .  (22) 

One  can  use  Equation  22  only  to  check  the  praraqulslte  of  equality  of 
path  gaomatry*  It  has  bean  found,  for  example,  that  with  20  and  40 
Me  (Sputnik  III),  Equation  22  Is  not  strlotly  satisfied  for  most  ob« 
sarvatlons  (Fig  5).  This  fact^  confirms  strong  refraction  and  band¬ 
ing  affects,  and  indicates  tha  care  one  must  axarclsa  in  tha  data 
intarpratatlon* 

Tha  various  passive  methods  ara  revised  In  Table  III}  a 
comparison  of  actual  data  la  given  in  Table  IV.  Tha  application  of 
Equations  18,  19,  and  21  must  be  postponed  until  data  becomes  avail¬ 
able  from  Satellite  S-6S.  Equation  21  deserves  restrictive  consider¬ 
ation  because  tha  S-66  orbit  will  not  ba  polar. 

ACTIVE  METHOK 

Experience  with  active  methods  is  limited  thus  far  to  ob¬ 
servations  of  tha  US-Canadlan  Topside  Sounder  Alouatta  (S-27),  which 

T*  Tha  effects  of  so-called  second-order  rata  of  rotation  (l6)  might 
ba  responsible  at  least  for  a  part  of  those  deviations}  however* 
there  Is  no  axparimantal  method  to  dlffarant lata  between  sacond- 
ordar  rata  effects  and  path  Inequalities}  further,  different 
paths  for  the  ordinary  or  tha  extraordinary  mode  have  to  be  con- 
sldarad. 
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«in  b«  followed  by  th«  US  ToiMid*  Sounder  S-4fl  and  by  various  othor 
vohiclta.  Activa  aathoda  art  baaud  on  tha  following  procaduro*  Tha 
aatalllta  txanaailta  a  pulaa  at  a  sounding  fraquancy  (in  tha  ranga  of 
•5  to  11.5  Mo)  that  ia  considarad  to  ba  vartically  Incldant  to  tha 
ionospharSf  and  raealvas  tha  acho«  Tha  fraquancy  is  varlad  althar 
continuously  (17)  (iS)  (19)  S>27f  or  in  stops  (20)  S-4fl  •  Tha 
sounding  inforiMtlon  (lonograiht)  is  t^'ansinittad  to  tha  ground  via  a 
talonatry  channal.  Tha  appaaranca  of  tha  lonograais  (Fig  6)  suggasta 
a  naarly  axponantlal  dacay  (21)  of  tha  haight  distribution  of  alactrcn 
daiMlty.  In  ozdar  to  convart  tha  awasjrtd  daisy  tUaaa  (or  virtual 
paths)  Into  alactron  dansltlas  at  txua  haight,  tha  virtual  path  asist 
ba  axprassad  In  tarns  of  tha  group  rafractlva  Indan.  Slnca  tha  sound- 
ing  fraquanclos  are  closa  to  tha  gyrofrsquancy  and  tha  olasata  fraquan- 
clas,  tha  cooiplata  axprasslon,  and  not  an  approx  Ism  t  Ion' ,  for  tha  ra¬ 
fractlva  Indtx  that  accounts  for  tha  gacaugnatlc  flald  and  Its  varia¬ 
tion  asjst  ba  applied.  A  value  for  tha  gyrofraquancy  and  tha  plasaia 
fraquancy  at  tha  aatalllta  itself  wust  ba  obtained  froai  tha  spikes 
(22)  visible  In  tha  lonograas.  Finally,  a  nuaarleal  Integration  over 
aavaral  sonas  of  different  axponantlal  dacay  allows  one  to  arrive  at 
tha  alactron-danslty  profile  (sea  appendix). 

Tha  alactron  dapandanca  near  tha  layer  of  tha  Ionosphere 
can  ba  approxlMtad  by  a  parabolic  function.  If  this  section  of  tha 
profile  Is  evaluated  together  with  the  a.:ponantlal  regions,  one  ob¬ 
tains  a  detailed  picture  of  the  electron-density  distribution  at  and 
above  the  F,  Baxlosm.  If  bottonslde  lonograas  obtained  slastltanaoualy 
with  topside  lonograais  are  reduced  to  trua-helght  profiles,  then  tha 
total  electron-density  distribution  frost  the  earth  to  the  satellite 
Is  known.  Fig  7  shows  exaatplas  of  such  curves  revealing  tha  total 
structure  of  the  electron  content  below  tha  satellite.  It  Is  obvious 
that  a  nuBierlcal  Integration  of  the  entire  profile  will  result  in  a 
figure  for  the  Integrated  electron  content  that  can  be  conparad  wlt«) 
corresponding  figures  frow  passive  aiethods.  Table  V  shows  typical 
values  for  da^tlne  Integration  that  fit  the  data  frost  the  differen¬ 
tial  Doppler  slope  nethod  shown  In  Fig  1,  It  will  be  interesting  to 
make  direct  comparisons  of  the  active  and  passive  methods  whan  the 
S-27  and  S-66  Satellites  can  be  observed  simultaneously. 

APPENDIX 


The  assumption  that  the  ionosphere  above  the  layer  is 
describable  by  an  exponential  function  leads  to  the  following  aqua¬ 
tion  for  the  electron  density  distributlont 

N(i)  3  H  0  ^  X  i  h  (1.1) 

■i 


1.  Different  from  the  usage  of  the  phase-velocity  refractive  Index 
for  the  passive  experiments* 
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whara  t  U  naaaurad  vartlcaUy  downward  fro*  tha  aatallita.  Tha 
baalc  aquation  ralating  tha  virtual  path  h'»(h*  «  l/2  or)  to  tha  trua 
halght  of  raflactlon  h^»  la  glvan  byi 


n'(z)  dx 


(1.2) 


function 


If  ona  Introducaa  X  s  k'N(z)/f*, 
N(t)»  Equation  1*2  hacoaiaat 
X» 

h*  w  (l/o<)  (n'(X)/X]  dX 


than  for  an  axponanttal 


(1.3) 


whara  X^  la  juat 

k'N  a“^o/f* 

at  tha  aatallitaf  and  Xi  la  obtalnad  froai  tha  raflactlon  condition* 
Tha  axtraordinir/  ray  haa  baan  uaad  to  parfom  tha  calculatlona  and  ao 

X]  3  1  -  (1*4) 

Thua  from  Equation  1.3»  ona  can  calculata  «=<.  Tha  aplkaa  on  tha  lono- 
graiB  allow  a  calculation  of  X^  and  conaaquantly  of  h^.  Thaaa  aplkaa 

corraapond  to  plaaaM  raaananeaa  (22). 


Tha  problam  bacomaa  more  coiapllcatad  whan  a  alngla  «< 
not  ^.ufflca  to  dascrlba  tha  alactron-danalty  distribution*  In  thla 
caaa,  ona  aaaunaa  that  tha  topaida  lonoaphara  la  compoaad  of  varloua 
raglona  aach  of  which  has  a  charactarlatic  A  cociputar  program  haa 
baan  davlaad  to  find  tha  varloua  alphaa  and  tha  dapth  of  tha  region 
ovar  which  aach  la  applicable  (21).  If  one  haa  tha  approprlata  <<'a 
and  h'a  for  tha  lonnaphera  betwaan  f  Fj  and  the  aatellitey  ona  may  ob¬ 
tain  tha  intagratad  alactron  contant  for  thla  raglon  froa»i 


jNdh  3  [N 


(1.5) 


whara  ia  the  aultabla  'X  for  tha  Xth  ragion»  h.  la  the  dapth  of 
thla  Xth  raglon  meaaurad  from  tha  aatalT '  ta,  N  !•  "the  dapth  of 
tha  (X-l)  raglon  laaaaured  from  the  aatollita»  Ini  K  la  tha  maximum 
electron  danalty  of  the  xth  region.  x 
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B  gaoiaagnatlc  field  atrangth 

e  valoolty  of  light, fraa  apaca 

da  lina  alapant  of  path  S 

f  anlttad  fraquancy 

gyrofraquancy 

4f  Dopplar  ahlft 

h  altituda  of  aatolllta,maa8urad 
upward 

h°  virtual  path,  poaaurad  downward 
hj.  trnm  14|^t 

dh  llna  alapant  of  altituda 
k  «  4*03  X  10'^  cga  unlta 
k'  s  8*065  X  10^  cga  unlta 
K  3  2*36  X  10*  cga  unlta 
p  Intagar 
T  dalay  tlaia 


n  rafractlva  index  (phaaa 
velocity 

n*  group  refractive  index 

N  electron  nupbax  den&lty 

N  electron  density  at  aatel- 

P  llte 

K  average  integrated  electron 
danaity 

C  obaervar'a  poaltlon 

p  aatelllta'a  poaltlon 

S,S(p)  gaopatrlc  length  of 
radio  path 

t  time 

r  path  of  sounder  puiaa, 
paaaurad  downward 

exponent  of  profile  function 

«  angle  between  B  and  propa¬ 
gation 

c  axparlmantal  error 
d  mxlmup  slope 
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CALCULATION  OF  INTEONATED  ELECTNON  CONTENT 
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TABLE  IV 


ELECTRON  CONTENT  ( lo'\/cnf ) 


1  ACTIVE  METHOD 

PASSIVE 

METHOD  1 

TIME  EST 

CONTENT 

TIME  EST 

CONTENT 

AUGUST  lessl'* 

2.10 

JULY'SEPT  IMI  ] 

1500 

2.1 

liroo 

2  rs 

1 

IT;00 

i.e 

NOV.  less  16  00 

2.0* 

Ncv.  leei 

16  00 

2.1 

’COWNECTEO  FON  VARIATION  OF  SUNSPOT  NUMBERS 


ELBCTK3N  CONTCNT  NCN  aoCC.  IMI 
HMKMfWM  OF  HOUAU  MDWacS 


FIGURE  !•  Electron  Content  Produced  from  Differential  Doppler  Slopes 


112 


AREMDT,  PAPATOftMCW,  and 
SOIGHBI 


PIOORE  2. 


FIGURE  3. 


FIGTJRS  U. 


lOfil  nyi/^ftAM  AOftiT  MA  10^ 

«<pvf  Vniwtiwf  *w« 


TIME  (Csn 

Diffarentlal  Doppler  Shift  in  Identical  Oeoaetr/}  note  the 
einultaneity  of  the  inflection  momenta 


a  ONICIM  OMtr  MS 


Differential  Doppler  ShiXt  in  Non-ldentical  Geometry;  the 
two  Inflection  momenta  are  5  aeoonda  apart. 


A  a  Measured  with  Phase  Follower  Systeai;  after  Vogt 
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FIOORS  5*  Fliradagr  Fading  on  20  and  Mo  f)ro«  Sputnik  III 


FJOQRS  6>  Topside  looogran  froa  AXouetta  (S-27)  obtainad  at  Port 
Nomouth 


ELECTRON  PROFILE  FROM  S *27  AND  BOTTOM  SOUNDER 


FIOOBX  7*  Coaplate  Elaotron  Prof ilea  above  Fort  Monnoulh^  H.J, 
froa  Tops  Ms  and  Bottoaaida  lonograaa 


114 


BALL,  VrtLLIAlB,  and  LCXJG 


POTEIfTIAL  RADL'VTION-PROTHCTIVE  COr-TOUIIBS. 
SYIWHBSIS  OF  THE  THREE  ISO^ERIC  THREE-CARBOIJ 
AlUHOHYIROXr  BUTITE  GAKTS  ANT  IGJlVaED  COMPOUNDS  ^ 
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D.H.aVLL,  J.M.  V/ILLI:AIG,  and  L.LONO,  Jr. 

PIOrCiKING  RESEARCH  DIVISIOT 

U.S.ARMY  riATICK  lABOEUVTCRIES 
IIATICIC,  MASSACHUSETTS 

3 

In  recent  years,  Bunte  salts,  S-alKyl  thiostilfates, 
have  been  the  subject  of  investigation  in  aaix/  laboratories.  A 
Bunte  salt  related  to  glxztathione,  "S-sulfoclutathione",  has  been 
Isolated  frcm  calf  lens  extracts.  Sxilfite  hoe  been  used  to  obtain 
roluble  protein  peptide  fractions  from  wool,^  flour,®  ribonucle* 
ase  and  Insulin, '  and  from  trypsinogen  and  alp^-chymotra'pslnogen;  ^ 
the  cystine  disulfide  bonds  ore  cleaved  under  laild  conditions  to 
form  "S-sioUTocysteinyl  residues".  The  properties  and  potentiid 
uses  of  the  "S-sulfocysteinyl  residues"  have  been  discussed  by 
Swon.-^ 


Several  exaJHt>les  of  Bunte  salts  contj^ning  anino  or  allryl- 
aaino  groups  were  prepared  by  Bretschnelder .  These,  lilw  the 
amino-acids,  are  internal  salts  and  the  simplest  conqxjund  of  this 
■type,  S-2 -ami noethyl  thiosulitirlc  acid,  was  found  to  have  signifi¬ 
cant  radiation-protective  activity  in  mice.  It  was  also  2,h  times 


-Khnn  P-ftTninoetii.ariethiol  (cystearaine)  hydroehloride.^l 


OtJicr  amlnoall<yl  thiosulfates  have  been  prepared  by  Rosenthal  and 
(Mtarel^  who  found  that  they  were  stable  cotnpouiids  which  possessed 
significant  anti-radiation  activity.  The  low  activity  of  3-anilno-l- 
propanethiol  compared  to  the  activity  of  S-S-aninopropyl  thlosulfurlo 
acid^  suggests  that  the  protective  activity  of  the  Bunte  salt  is 
not,  at  least  in  this  cose,  due  to  the  fonnatlon  of  the  thiol. 


;\minoall:j-l  thlosvilfuric  acids  are,  in  general,  stable, 
odorless,  crystalline,  water-soluble  substances  and  are  thus 
attractive  potential  anti -radiation  driigs.  This  paper  describes 
the  synthesis  of  the  three  isomeric  Internal  Buiite  salts  I,  II  and 


III. 


I 


o 

ciioii  O 

CI:23S0^ 


ClipOlI 

I  ^  0 

CHSSO^ 

IJ  Ciigini^ 
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liuiite  saltc  are  conveniently  prepared  by  the  reaction  of 
alltj’’!  lialidec  vith  thallous  thiosulfate,^^  the  insoluble  thallous 
halide  formed  bcin^  easily  removed  frcn  the  reaction  Lilxtm'e.  An 
aqvieouG  solution  of  l-aralno-3-cliloro-2 -propanol  liydrocliloridc  (IV), 
15>l6unllloe  2-chlorocth>'lamlne  hydrocliloridc,^  ^  did  not  react 
readily  with  thallous  thiosulfate  ct  room  teiaperature .  yonaatlon  of 
tlic  iritcriiol  Ijuiite  salt  took  place  at  hiyliei'  teniperatio’es  but 
extensive  deconposltion  also  occurred.  Tlae  correopondinc  bronio 
hydrobromide  (V)  was  ori^jinally  prepared  by  condensation  of 

GO 

CH  ini  nr 

|2  3 

Cimr 

c:i  on 

2 


W  J  d  \ 

JnoH 


I  oo 

:: 


IV  ::  =  Cl  VI 

V  X  =  Br 


potassiu:;!  p'nthalimide  i;ith  boilinc  cnlbro:''Oj:C'‘hrli^;L  folio, red  by 
hydroli'sis  of  the  product  with  Isydrobronic  acid.^>  *1“ 

di'.'Kjtljj'-lf on lai.iide  iras  added  in  the  condensation  step,^'^  the  ” 
reaction  proceeded  at  3^-40°  and  the  i,lcld  war.  improved  sli^jlitljm 
Under  these  conditions,  the  epoxide  rirc  is  slo'.rl;,’-  oj-ened  by  tlic 
potassiu;"!  phthdimidc.  Tliis  \rao  dciionst rated  by  the  fonmtion  of 
a  si.iall  G.TOunt  of  a  diamino-proponol  (presumably  l,3-dia'.iluo-2- 
propanol)  after  hydrolysis  of  tlie  condensation  product.  The  bror.io 
hydrobrouidc  reacted  more  readll^f'  tluin  IV  wit}i  tliallous  tliiosulfate 
aiid,  after  2  dai'c  at  5^^^,  tlic  Bunte  salt  I,  S-3-a-ilno-2-li;'-dro;:j''- 
propyl  tliioGulfui'lc  acid,  was  isolated  in  67p  jlcld. 


ko  suitable  precursor  for  the  Bunte  salt  II  was  laicr.m  and 
atte.:ipt5  to  prepare  3-ailno-2-bra;io-l-prppa:iol  lydrobroinidc  (VI) 
from  2, 3 -dibro:. 10-1 -propanol  and  fion  2,3-dibromopropylamliio  and 
tliclr  derivatives,  by  selective  displacements  of  the  prinarj" 
bra.iine  atoms,  were  unsuccessful.  The  hG'dj.'obromide  (Vl)  was 
cvtntually  obtained  from  the  reaction  of  the  alli'lai.raoniu.i  ion  with 
iii'pobroi.iouE  acid.  The  latter  was  convenient Ij'  generated  ^  situ  by 
the  rjethod  of  Leibi.ion  a;id  Fellner"^-^  whereby  a  i;iixture  of  brorlne 
vapor  and  air  Is  passed  into  the  reaction  solution  which  contains 
one  equivalent  of  silver  nitrate.  Doth  lsoi.ieric  aninobromo 
olcchols  were  isolated,  the  desired  3-a*'>ilno-2-bromo  Isomer  VI  beinc 
tlie  major  product.  Tlie  liydrobraoide  VI  did  not  react  witli  thallous 
thiosulfate  at  liO°  but,  at  75-C0°,  conversion  to  the  Bunte  salt  II 
was  essentially  cotiplete  after  12  hours.  Amine  Inqiuritlec,  which 
hindered  crystallization,  were  removed  by  cliromatocraphy  on  silica 
Gel*  Crystallisation  of  the  purified  material  ftren  net lianol -ether 
gave  the  pure  Bunte  salt  II,  S-2-aialno-l-(hydroxyiaethyl)etla;’’l 
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tliioculfurlc  acid  In  5r/>  yield. 

Bmitc  caltG  iiave  also  been  prepared  by  the  action  of 
sulfites  on  disvUXidec  In  the  presence  of  an  oxidizing  acent.  Air 
or  oxygen  (ltc  often  sufficient  but  cupric  ions, 20  iodocoJjcnzoate 
Olid  tetrathionate"^  Imvc  also  been  used,  Tlic  oxidant  converts  the 
thiol  for.icd  in  the  reversible  reaction  (i)  to  disulfide  and 
eventually  this  is  co:aplctely  converted  to  the  Bunte  salt. 

KGGR  H  GO,  — ^  RGSO^  nS  (l) 

0  3 

Cystinol  (lihydrochloride  3>3'-<iithiobis  L2-a:iino- 

1-propanolJ  dih^^'drochloride,  is  therefore  a  6ultab].e  precursor  for 
the  internal  Bunte  salt  III.  It  was  prepeu'ed  frora  2-phenyl“2- 
thiazoline-4-metlianol  by  Crawholl  et  al.^^  Tlicse  authors  desicnated 
tlieir  product  as  the  DL-forra  but  tl^  raethod  of  preparation  would  give 
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a  luixture  of  DL-  and  meso-isoniers.  We  used  the  L-isoiaer  of  the 
thlazoline  attei^t“to  obtain  the  pure  I^is^ier  of  VII  but 

hydrolysis  oi‘  the  thiasoline  ring  required  uach  nore  vigorouB  con¬ 
ditions  than  those  reported^l  and  rocenizatlon  occurred  at  this 
stage.  The  resultant  DL-thlol  ("cysteinol")  was  oxidized  without 
isolation  and  a  crystalline,  optically  inactive  nlxtvu-e  of,  pre¬ 
sumably,  the  and  r>eso-  forms  of  VII  was  obtained.  Ho  attei^ 
was  made  to  s^orate  these  isoriers  and  the  raiJJture  was  treated 
at  roo.i  temperature  with  ammonium  sulfite  solution  (pH  7)  ai^d 
oxygen.  The  reaction  was  followed  by  paper  electrophoresis  and  was 
complete  after  6-7  hours.  The  product  \/ao  freed  from  inorganic 
salts  by  fractlonrtion  on  a  column  of  a  cation  exciuinge  resin  in  the 
lithlur.j  salt  farri  and  subsequent  recrystallization  from  nethanol- 
ether  gave  G-2-anino-3-liydroxypropyl  thlosulfi.aric  acid  (ill)  in  6y/j 
yield. 


IpCysteinol,  ^f-omlno-S-aercapto-l-OToponol  (VIIl),  has 
recently  'been  i)repared”by  Enz  and  Cecchlnato^^  by  a  method  vrtiich 
should  not  cause  appreciable  racenlzation.  I^ysteine  ethyl  ester 

was  reduced  with  lithium  olxsninum  hydride  an?  tlie  ^cysteinol  formed 

was  isolated  as  the  h.^^-trlacetatc  (DC)  in  290  yield.  These 
authors  hydrol^'^zed  tlie  triacetate  with  dilute  hydrochloric  acid  and 
obtaijoed  L-cysteinol  as  the  crystalline  hydrochloride,  although  they 


a\LL,  ’/ILLU:C,  cuKi  LOIJG 


did  not  record  the  Bi)eciflc  rotation.  Thin  Icirer  cliranQtOijrapJiy 
indicated  that  dui'inc  hjtlrolyBis  of  tlie  triacetate,  an  Intoriaediate 
vas  rapidly  fomed  and  t)iat  tMs  vas  slowly  converted  to  cystelnol. 
In  dilute  hCr'drochloric  acid  at  90®,  the  absorption  at  231.5  ^ 
(tJjlolacetote)  decreased  rapidly.  A  second  absorption  at  26i  nfi 
(thlazoliniUKi  cation)  appeared,  Increased  to  a  naximxiin  after  ca 
iV  hours  oiid  th.en  decrettecd  slowly  (Flc.l).  It  has  been  shown 
recently'  t>uit  thl^,ollne  foniatlon  occui  n  in  acid  sglutiono  of 
Il-acetyl  cysteine^  '  and  h-P-ajcrcaptoetliyl-acetanide  ^  and 
Hydrolysis  of  cyoteinol  triacetate  (DC)  probably  proceeds  via  the 
Beene  iseohaixisn. 
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L-Cystiaol  diliydroclilorlde  \ra8  prepared  froin  ^cysteinol 
triacetat?  by  acid  hydrolysis  follwd  by  oxidation  of  "*  the 
resultant  thiol  which  was  not  isolated.  Tlie  L-form  of  VII  hatl  a 
specific  rotation  of  -108®  and  a  nrucii  lower  ne^tlnc  point  than  the 
values  obtained  for  tJie  nixtures  of  DL-  and  iseso-  forras. 

■The  internal  Bunte  salt  (III)  prepared  fraa  this  dlsuH’lde 
had  a  higher  rie It inc -point  than  the  Dl^rnra  aI^d  a  specific  rotation 
of  -31°  la  water. 

The  tiirce  Isoineric  interiml  Bvmte  salts  are  stable 
crystalline  solids,  very  soluble  In  water  and  slightly  soluble  in 

methanol.  They  decompose  slowly  in  boiling  water. All  three  cc*n- 
pcnxnds  showed  slight  activity  when  tested  as  radlat ion-protec cive 
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acenta  by  the  ’./alter  Reed  Anisy  Institute  of  Rcuewch. 
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Fig.  1.  —  Hydrolysie  of  ^cytteinol  triacetate  (2. OB  x  10“^  M) 

in  hydrochlortc  acid  (1.7  fU  at  90*.  D  -  optical  density  at 
231.^  iVi*  0  -  optical  density  at  261  sgj. 
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THi  ust  OP  nrTENse  pinch 

DISCHARGES  POft  LASER 
XUtMINATXQM 


R*  G.  BUBER,  J.  J.  KADC,  and  J.  J.  StlXIVAM 
U.  8.  ARMY  ELECmOHICS  RESEARCH  AND  DEVELOPtCNT  LABORATORIES 
PORT  MONMOUTH,  MEN  JERSEY 


1,  muODOCTlON 

Tha  standard  light  aaurcaa  aurrantly  in  uaa  far 
apical  puNping  of  laaar  aatarlala  in  ■iiltary  and  ooMarcial 
applicatlana  aa  wall  aa  In  basic  raaaarch  ara  high  praasura 
nobla  gas  diadhargaa  In  a  llnaar  or  halleal  gao«atry.  Pig.  la, 
Thay  all  aidilbit  eartain  liadtationat 

a)  Ihiw  to  thair  waohanieal  constractlon  thay  only  can 
handla  linitad  anargiaa  in  a  girt  i  tiaa  intarral  Un  tha  ordar 
of  10*  watts),  Tha  hitfi  Indwetiyity  of  tha  gaocatry  pravanta 
high  currants  of  paac  duration  and  tharafaro  liadta  paak  light 
output  and  ptap  rapatition  rata. 

b)  Focusing  eavitiaa  nacaaaary  in  high  power  application 
ara  bulky  and  difficult  to  Mnufaetura. 

c)  Thair  (axcapt  for  a  faw  aupariapoaad  llnaa)  oontinuoua 
apaetrui  often  providaa  poor  aatchlng  with  tha  absorption  bands 
of  tha  laaar  Mstarial  and  tharafara  givaa  lew  p\a^p  afficlaocy. 

d)  In  eonnaction  with  c)  a  largo  aaount  of  tha  availabla 
onargy  is  tranaforaad  to  haat,  thus  drastically  reducing  tha 
poaalbla  rapatition  rata  of  tha  puap  pulaaa, 

Uadar  thaaa  clrcuNitancaa  it  is  vary  taaptlng  to  Inrsati- 
gate  two  discharge  typos  which  have  bean  axtansiraly  used  in 
ooonaction  with  high  tsoforatura  plasaM  rasoarch,  as  to  thair 
application  as  a  light  aourcai  tha  theta  pinch  (alactrodolass) 
and  tha  linear  pinch  (with  alactredas)  Figs.  1b  and  1c,  Va  will 
show  that  pinch  diachaogas  can  indeed  be  used  vary  affactivaly 
as  li^  IMMpa  alininating  nost  of  tha  prablsas  ■antionod  before} 
In  both  discharge  types  ultra  high  currants  are  possible  because 
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ta4«etiriti«s  tf  tlM  «ire«lt  cw  h^  Md#  •xtMMly  mmIX*  Ctt*- 
rant  Mod««tlng  em  Im  Mtd  «•  MflMt«rf  and  th*  latar 

can  be  plaaad  is  t««  saatar  •#  tnt  diauairM*  kapaelally 
1m  tlia  blM  and  Mltravlalat  radian  af  tha  (diaerata;  apaetrwi 
aftaa  an  iMpswvad  aptical  aateli  bafaan  ll|ht  aavrca  and  laaar 
aaaaM  paaalbja  by  pvapaz  ahalca  af  9a*M*«  p>aaa«raa  and  dIaeharDa 
eanditiona.  Tha  apactral  anazfy  diatrlhwtian  af  tha  pinch  dia« 
ohar9a  alaa  laada  to  a  graatly  radacad  rata  af  haatlng  af  tha 
laaar  natarlal  nhlch  nakaa  high  panp  rapatltlan  rataa  faaaibla* 
Fnrthanara«  large  aaaiaita  af  light  ara  aaailabla  in  chart  tinaa 
Mhich  la  particularly  attractlaa  far  cartain  laaar  natariala  and 
awitdting  tachnigaaa. 

Thara  ara  a  graat  nasbar  af  paraagtara  and  paaaibllitiaa* 

In  tha  fallaaing  «a  diaanaa  tha  anln  principlaa  and  caoaidar- 
atiana  and  praaant  aana  af  tha  nara  ia^rtant  raa«lta  aktalnad 
aa  far* 

2*  THT.  MKHAinaM  Of  POICH  hiaCHAIhXS 
2*1  lhata  pinah* 

Tha  haalc  prineipla  af  the  aa*callad  thata-pinah  la  tha 
fbllaning  (Fig.  1b) t  A  condanaar  ia  diachargad  aaar  a  aingla 
laap  aaili  A  rapidly  hanging  longitadlnal  nagnatic  field  H  will 
ha  indwead  yiieh  pradweaa  in  tha  gaa  eylindar  (lacatad  Inalda  af 
tha  eall)  a  high  alactric  field  nhich.  after  braaJrdawn,  laada  ta 
an  irtana'i  awrrant  Ig  in  fam  af  a  ahaath  near  tha  wall*  Intar- 
actian  fbrcaa  hatwaan  H  and  Ig  (F  *  t  *Ig  r  H)  pwah  tha  plaana 
ahaath  ta  tha  innar  cylinder*  Aa  tha  plaana  ia  eowpraaaad*  in* 
ward  aaring  radial  ahackwawaa  ara  cat  ig>  which  heat  and  ianUa 
tha  gaa  farther.  Dwrlng  thia  pinching  of  the  gaa  larga  anaunta 
af  radiatian  ara  anittad.  Tha  plaana  notion  ia  atapp^  if  In¬ 
ternal  and  axtamal  prasaara  la  agual  ar  if  tha  plaana  hita  tha 
innar  eylindar  af  tha  diachargt  t«^* 

High  casrant#  ahart  daratian  diachargat  have  bean  atadiad 
far  aana  tina  and  a  canaidarahla  cnowt  of  infaxawtian  ia  avail- 
ahlt.  Hawfwar«  naat  axparinentc  have  baan  dona  in  bydrogan  ar 
daatarian  and  only  few  with  othor  gaaaa  or  gaa  nlrtaroa*  Jar- 
aral  thaaratical  nadala  bawa  baan  dtvalapad  ta  ascplain  tha  ab- 
•arwatiana  in  detail*  Hart  wa  ara  anly  intaraatad  in  tha 
"light  aawrea"  aapaat  af  tha  pinch  dlaoharga*  Thara  art  twa 
nadaa  af  aparatlant  If  tha  ringing  pariad  t  af  tha  circuit 
ia  laigar  than  tha  charactarlatic  pinch  tine  (in  thia  caaa 
tha  tina  batwaan  tha  pinch  atarting  at  tha  autar  wall  and 
nixiwan  aanpraaalan)  the  plaana  h^ta  tha  wall  pradwalng  a  wary 
intanaa  light  anlaaian  until  tha  driving  farce  ia  ralaaaad. 

If  tha  clrcadt  ia  aaclllatary  a  cariaa  of  ranpraaalana  nay  taka 
place.  This  is  shewn  in  Fig.  2a(d1)  in  a  atraak  canara  piattnra* 
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Xf  T  <  tSM  4rlvifi9  f«rec  it  rntt  In  tla*  aiMl  th«  thtttli 

4ttt  not  roach  Uht  innor  ayllndor.  Again  at  Mxlaua  coaproation 
an  intonto  light  riaali  It  pro#ttood» 

Tha  pinch  ditckargo  with  a  ainglt  living  coil  (coll  length 
«  latar  longth  whirh  it  approxlnatoly  2"  -  3"  in  all  experiaants 
Toperto4  haro)  aatwrally  it  a  vary  inheooganooa  light  aourea.  Mott 
of  tha  light  it  prodocad  in  tha  driaa  coil  plana  at  la  to  Im  axpact** 
ad  froti  tha  H*^fiald  tlrwctara  of  a  tingla  loop.  Thit  data  not  pro* 
aaot  a  prablant  far  tha  4  lawal  laaar^  hwt  it  of  graat  ditadvantaga 
far  tha  3  laaal  laaoxf  at  will  ha  diaCtMtad  in  Sac.  6.  Thara  it 
alta  a  tint  delay  batwaan  tha  intonaa  illvndnation  of  tha  latar 
in  tha  cantar  and  tha  ragiont  fwrthar  avt.  It  takaa  aaoM  tint  for 
tha  axial  ahachwawa  to  nova  away  fxaai  tha  cantor  plana  (Fig.  2b(S1}. 
Thit  tdditianal  illwiinatiag  affact  pradoead  by  tha  ahach  wavat  can 
ba  wtod  only  in  awtariala  with  anfficiantly  long  ralaxatiaw  tint 
of  tha  nataatabla  atatato  In  thia  caonactlan  proper  chaiaa  of  tha 
length  of  tha  diaeharga  taba  nay  alao  ba  inpartant. 

At  thia  point  thara  art  aavaraJ  altamatiaaai  Tha  naa  of 
anitipla  loapa  in  parallel  or  a  tingla  loop  af  twffieiant  length 
will  greatly  ii^raira  tha  hanoganalty  af  tha  diaehnTga  bwt  agaally 
owt  dawn  tha  indwoad  anrrant  danaitiaa  and  tharafax^  tha  li^t  aada- 
alon  tnlatt  aa^wal  indapandant  clrcwitt  art  naad.  Far  axaag>la< 
tha  raplaraawnt  af  tha  tingle  leap  by  a  dottle  loop  did  net  pradhtca 
a  aignifleafit  diaAga  af  tha  aaarcll  light  aniaaian. 

Exparlnwnta  alaa  indicata  that  praianUatian  af  tha  gaa  by 
■aant  of  a  d.c.»  a.c.,  ar  high  fraqMancy  cwrrant  will  in  atny  caaaa 
Ineraaaa  tha  light  awtpwt  at  thara  ara  diffarancaa  ta  ba  axpactad 
batwaan  oald  and  praionixad  ahocka.  Pwrthamara  it  it  paaaibla  ta 
Inprava  tha  latar  illwninatian  naing  raflacting  caatinga  araund  and 
an  tha  anda  af  the  pinch  t«ba«  but  na  gaantltativa  naaaatrananta  af 
thia  affact  hart  baan  atada  aa  far* 

2.2  s-  Pinch 

In  cantraat  ta  tha  9  pinah  whara  actually  tha  iabalanca 
af  tha  nagnatic  driving  fi«)>ld  and  tha  field  af  tha  induced  currant 
pravidas  tha  eanpracaian«  tha  currant  af  tha  z~pinoh  praduc^a  Ita 
aun  canpraaaion,  (Pig.  1a).  Again  tha  intaractian  farca  F  i« 

*  tl  X  H  and  acta  Ilka  a  cylindrically  canpraaaing  platan.  F5<u>«r* 
avor  thara  ara  tana  haaic  diffarancaa t  Elactradaa  nnaat  ha  waad 
ahich  will  praduca  aputtaring  affacta  and  tharafora  ahartan  tha 
lifatina  af  tha  tuba.  Tha  kavar  aaaling  glaaa  which  la  nacaaa&ry 
in  cannactiao  with  tha  kavar-atainlaac  ataal  alactrodaa  la  by  fci 
inferior  in  Itc  optical  and  thamal  qwalltiaa  ta  tha  quartz  glaaa 
waad  in  6-gaawatzy.  Of  aauraa  thara  ara  batter  tachnclagical 
aolutiana^  bwt  they  have  not  yet  baan  axplorad.  On  tha  other  hand 
tha  energy  coupling  ia  iaiprevad  and  the  light  aaurca  it  abvloaaly 
vary  hanaganaua.  Aa  haa  baan  painted  out  bafara«  pralanlzatian 
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Thp  elxovAt  pppi  in  all  •  m4  s-  •xparlaantt  nanslata  nf  • 
triffnr  avltelif  •  ctndantnr  {•nnrffy  atornga)  with  a  parapax  pawar 
aupply  and  an  intfwctiva  Ippi  (in  oaaa  af  tha  B  pinah  a  ainyla  laap 
aailj  in  aaaa  af  tha  x  pinah  tha  Biaeharga  tiirba  and  ita  oonnaatiana)a 
Pifa.  1aa  Ihj  1c.  Va  hava  tha  fallawing  cixevit  agnatianat 


Currant 
Paak  currant 


Currant  darivatira 
with 


«L 


ain  ut 


Ip— ««&«£e 


U  «  raltaga 
t  s  ^ 


=  fraguancy  •  -  fe*  *  2»a 


L  »  induetivity 
C  •  capacity 
*  »  raalatanca  » 

«  ith  currant  anplituda 

With  thaaa  axpraaalana  tha  dynanica  of  tna  pindi  (aaida  fran 
cartain  inatabilltiaa)  la  datandnad  if  gaa  typa  and  praaaura  ia 
glvan.  Far  axanpla  in  tha  B  pinch  caaa  tha  inducad  alactric  fiald 

^  Jtt 


^‘B-a  ^■o^/ 


4-  II*  a  *■' 


am  (lit  +  f ) 


Aftar  braakdcun  m  hava  a  currant  danalty  I  «  o  E0«  a  balng 
tha  alaetrieal  aanduotivity.  Far  raaaana  apparaht  in  Sac.  4  it  ap* 
paara  neat  aduantagaaua  ta  hava  axtranaly  high  currant  pulaaa  for 
vary  chart  tlana*  Thia  aeaantially  naana  one  ahculd  uaa  a  high 
valtagCf  lew  indwetanea  circuit  with  an  avarall  raalatanca  near 

critical  danping  (R  »  wi  2  y^)t  if  paaaihla.  Fran  a  practical 

point  of  view  there  era  aavaral  linitatianct  tha  waat  Ijuportant  ana 
being  tha  inductivity  of  tha  candanaar.  Another  prablcai  :  '.jp  avoid 
annaoaaaary  induetancaa  with  cannaetiag  linaa  and  tha  aadten.  In 
tha  fallawing  table  wa  praaant  aewa  data  on  oanhinatiana  af  circuit 
alananta  Which  hava  bean  uaad  or  are  currently  being  triad  in  thia 
Labaratory  for  B  and  s  pinch  gaowatry. 
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Syho?  I  i4tiitlfy  tb«  txptriMUtftl  MudltlM*  at  ahich  tha  aaaa* 
ittaaiiiita  ihaww  In  PIm.  2  and  4  Mda  and  tast  fasuitt  ara  sivans 
In  Pig.  3  an  aptiaal  for  tha  x-plnch  diaeha^  la  ahaani  nhieh 

•avid  Na  waad  In  eannactlan  with  a  pertabla  unit  Czf). 

4.  RABIATIOii  Or  FAST  PliCSi  BISOiAicSS  -  OrTICAL  MATCKInG 

Otnaidaring  tha  optical  prapartiaa  of  light  aaurcaa  thara  ara 
two  axtzaM  aaaasi  If  no  nioh  to  obtain  a  aara  or  laaa  continueua 
apactrun«  it  la  atandard  practiea  to  paaa  hi^  eurranta  through  a 
high  praaaura  gaa*  Wa  approach  hara  tha  prapartiaa  of  a  black  body 
radiator  and  thia  aaana  that  tha  radiatod  anorgy  la  aproad  avar  a 
conaldorabla  ranga  of  fro^nnciaa.  If  auch  a  light  aourco  ia  uaad 
for  punping  only  tha  radiation  notdking  tha  aboorption  banda  of  tha 
laaor  Mtorlal  la  naaful*  thla  balng  tha  condition  uhich  pravaila 
In  atandard  light  aaurcaa.  Largo  guantitiaa  of  anargy  eontributa 
only  to  cnnantod  boating  of  tha  laaor  rod.  Thla  hooting  offoct 
nakoa  high  rapotitian  rataa  virtually  Inpaaaibla  and  laada  aona- 
tluaa  to  tha  doatruatian  of  tha  oryatal.  A  low  afficiancy  in  uaaful 
anargy  aonvaraion  ia  to  ba  oxpaatodi  a  raproaantativa  valua  la 
•5  •  10*3  joula  output/joula  Input. 

llauBYor,  by  propar  doalgn  of  circuit  olannnta  and  light  aourco 
m  can  produao  an  oxtraawly  faat  dlachargo  ao  that  no  oguillbriun 
of  tha  plaaua  conatltuanta  la  roaehod.  Tho  apoctrun  In  thla  caaa 
arill  oaaontlally  bo  a  lino  apoctrun  of  tha  gaa  ataaa  and  Iona 
praaont  and  will  bo  ainilar  to  tha  ana  of  high  anargy  aparka  of 
abort  duration.  Only  littla  boat  production  la  axpoctad  and  thara** 
fOra  hlfh  punp  rapatltlon  rataa  ahould  ba  poaalbla.  Purthomara* 
by  ualng  tha  right  gaaaoj  gaa  adxturaa  and  gaa-vapor  alxturaa»  and 
praaauraa«  oftan  an  iaprovad  apactral  notching  night  ba  obtalnad. 
Alao*  tho  ayatan  Itaolf  will  ba  alnpllflod,  boaauaa  no  Q  -  apolling 
taclinifluaa  ara  nocoaauYi  if  tho  dlachargo  cunant  la  abort  onough. 
tha  ll^t  aourco  Itaolf  acta  aa  a  *Q-awlt^"  and  only  ana  laaor 
oplko  will  bo  producod. 

miat  guide  llnoa  do  wa  hava  If  wa  want  to  uaa  faat  pinch  dla- 
durgaa  for  a  particular  laaor  notorial?  Tha  thooratlcal  outlook 
la  dlffleulti  Lot  ua  aaaiaa  that  wa  hava  alaotrona  with  a  Maxwallian 
volaclty  diatribution  and  furthamara  an  anargy  aourca  uhich  haata 
tho  oloctrana.  Aa  tho  oloctrona  incraaaa  thoir  onorgy  they  atart 
to  loao  aana  of  it  by  laolaatic  colliaiona.  If  tho  anorgy  aourco 
la  aufflclantly  atroi^  vary  aoon  a  high  dogroo  of  lonixation  ia 
roaehod.  Slnco  all  colllaion  croaa  aoctlona  aro  funetlena  of  tha 
(changing)  aiootran  tanporatura  and  nany  tinoa  not  avan  known  quanr 
tltloa#  It  la  difficult  to  ealculata  tha  population  of  all  tha  atataa 
Involved.  Spantanooua  radiative  tranaitiana  canpota  with  tha  alac* 
tron  colllaiana  aa  do*^xcitatian  proooaaaa.  Thair  intanaity  aa  a 
ftnctlan  of  tlna  la  aotunlly  tha  guantity  whidi  datamlnoa  tha  char- 
aotoriatlc  anlaaiao  of  tho  light  aourca.  Many  of  tha  pracoaaoa  ara 
couplad*  and  In  a  quantitative  analyaia  a  nunbar  of  otbar  procaaaos 
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«a«ld  Kavt  ta  ba  inoladad  alaa«  It  ie  fa^  ta  tay  that  tha  thaara* 
tiaal  atady  af  »pnatiuillhrl«p  plaaaa  radiation  ia  anly  at  ita  ba~ 

Sianins^ 


ttida  thaaa  eanplax  circiaatanoaa  it  aaaaa  raaaonabla  ta  apply 
at  firat  an  axparlaantal  approach.  Prou  a  atady  of  th#ir  knawn 
diioharpa  oharaetariatica  at  atandard  canditiana  (aaing  tha  in- 
faraatian  eaotaiaad  in  tha  MIT  aavalangth  tablaa  )  aa  aalaetod  tha 
alaaonta  naaoj  argoAa  kryptaa«  xanonj  aareury*  Itm  and  allican  for 
a  firat  eloaar  ianraatigation.  Tha  inportant  point  hara  ia  tha  nadhar 
af  linaa  in  tba  wavalangth  ragion  af  ltttaraat>  thalr  intanaity*  tha 
availability  and  tachniaal  applicability  af  tha  particular  aloaant. 
Ifhila  tha  nahla  gaaaa  and  narcury  aro  ganarally  uaad  in  flaah  t«baa» 
iron  nay  ba  praacnt  in  eonnactian  with  tha  atainlaaa  ataal  alac- 
trodaa  in  tha  s-  pinch  eanfiguratiao.  Vhan  caayraaaad  plaana 
hita  tha  glaaa  wall  with  -high  apaad  usually  Si  linaa  ara  axcitad 
which  night  ba  uaafiil  in  particular  applications.  Tha  radiation 
fran  athar  Inpuritiaa  aftan  porasant  or  praducad  in  strong  gas  dia- 
chargaa  adght  also  ba  af  intarast. 

5.  EXPERQElfTAL  SCHIP  AMD  CnERAL  RESXTS 

Tha  alactrie  eir^lt  haa  boon  diaeussad  in  Sac.  3  with  tha  ax- 
caption  of  tha  triggarad  airgap  switch  tha  charactaristics  of  uhich 
was  tha  sans  in  all  axparisMnts  (switching  tiaaa  in  tha  ardor  af  100 
nanaaae.)  Par  tha  vacuun  systan  wa  uaad  a  vacian  pwp*  aarption 
puap  and  stainlass  staal  tubing  and  abtainad  a  basa  prasauro  balow 
10*7  Tarr  without  bakaout.  Only  high  purity  gasas  (si^ppllad  by 
Linda  and  Alrca)  hava  baau  uaad  to  bo  abla  to  control  tha  inpurity 
lavsl  swfficiantly.  In  tha  rautina  naasuranants  af  tha  apactrun  a 
Zalaa  priaa  insti unant  in  eonnactian  with  a  STL  iawga  canvartar 
canara  has  boon  uaad  which  pravidaa  tina  intagratad  and  tina  ra- 
solvad  spactra.  Far  pracision  awaswraaamta  a  aena<diraaMtar  (Csamy- 
Tumar;  Spax  Induatriaa«  Inc.)  has  to  ba  anployad.  Tha  lasar  output 
and  tha  total  light  output  af  tha  pinch  tuba  ia  naaswrad  ia  atandard 
fashion  with  sui table  p^tcnultipliars  and  filters  in  eonnactian 
with  oscillographic  racarding. 

In  view  of  tha  nany  parasMtars  (gaonetry*  dlseharga  canditiana« 
praasura*gas  typo  and  gas  nixturaa«  inpurity  contant)  anly  a  linitad 
niabar  af  raavlts  have  baan  abtainad  so  far  (Saa  also  Sac.  6). 

However*  li4  general  wa  nay  state  tha  fallowingz  Tha  tina  in- 
tagratad  and  tha  tina  rasolvad  spactra  ara  nainly  wbroadanod*  wa- 
jovarsad  intansa  lino  spectra.  Fie.  4  (g2*s2)  ahows  as  an  axanpla 
saaw  spactra  in  tha  range  batwaan  4000  -  TOOOX. 

Tha  character  af  tha  line  spactraa  is  dataminad  nainly  by  tha 
peak  currant  and  its  tina  derivative  at  a  given  prassura.  Tha  high 
induction  current  aaana  ta  produce  nest  of  tha  aloctran  heating  and 
there  is  little  shock  wave  heating.  If  tha  currant  dansitias  ara 
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•vffieiMkt  •  hlsh  4»gr««  »f  ionisation  will  bo  roochod  ond  lor^o 

A#  aWaOOI  ^  Wwh  4a  0*1 

Wi— ■  ^mwfm  v*ov«A«b  «o«  *•«  Oroow 

Only  a  omII  anoiMt  of  oontinww  radiation  la  found.  Tho  con* 

tinuun  ia  noro  pronoioieod  in  tho  x*plnch  than  in  tho  6  pinch  aa  can 
bo  aoon  fron  a  ooapariaon  of  tho  apoctra  in  Fig.  4, 

Tho  total  lifpit  output  aa  a  function  of  tiaw  doponda  alao  nain* 
ly  on  poak  diachargo  ewrsont  and  ita  dorivativo.  Poak  anplitwdoa 
aro  proaauro  aonaitlvo.  For  oach  givon  diachargo  currant  thoro 
aooM  to  bo  an  optinua  proaauro  boyond  which  tha  lij^tt  output  do* 
croaaoa.  Tho  tiaw  duration  of  tho  light  pulao  alao  doponda  on 
proaauro.  It  ia  intoroating  to  noto  that  tndor  oqual  goooMtrical 
and  proaauro  oonditiona  thota  and  s-pinch  giro  vary  ainilar  rocorda. 

^>octral  notching  ia  poiaiblot  If  two  gaaaa  aro  nixod,  for 
oxanplOj  ono  finds  in  gonoral  an  addition  of  thair  apoctra  with 
a  conaidorablo  shift  of  tha  original  intonaity.  Thia  ia  ahown  in 
Fig.  4  for  arganj,  krypton  and  an  Ar-Kr  nixtura.  Using  offsets  of 
this  kind  ono  night  got  an  Inprovad  natch  botwaon  laaor  and  pimp. 
Adjuatawnt  of  tho  pu^»  apoetrun  to  fit  tho  absorption  eurvoa  of  tha 
laser  natorial  will  bo  posaiblo  particularly  in  tho  UV  region  of  tho 
apoctmsi  aineo  it  ia  oxpoctad  that  with  increased  dia<diargo  cur* 
rents  ns: a  and  nore  lines  ef  single  and  nultiple  ionised  atena  will 
be  excited.  Extensive  neaauransnta  are  under  way  to  obtain  a  nore 
detailed  picture* 

6.  APPLICATION  OF  PINCH  OISGHAMES  FOR  THE  RUBY,  NBOOTNlUi  AND 

TERBIW  LASER 

6.1  The  ruby  laser 

V*.  M  X*  fSS  m  m  •  W  4  am  .  a  Pm  V  k 

AM  «  A)|n  wiv  pAwwweov  msv  niwurA|#VAvaa  f\  ^  ^  f  1  * 

tranonlaaien)  aa  a  function  of  wavelength  for  rtdiy  (1).  Thera  are 
two  large  sbaorption  regions  corresponding  to  tho  absorption  band 
indicated  on  tho  achenatic  diagraa  of  tho  throe  level  laser  in  the 
cane  figure.  Curve  (2)  shews  ^e  enisaien  ef  a  standard  Xo  flash 
tube  in  the  aana  wavelength  region.  Obviously  only  little  of  the 
enitted  overall  energy  gives  useful  pusping  light  for  the  laser. 

No  a^  9hem  the  line  spectrvn  of  Arl  and  Aril  D)  in  tho  range 
3400K*600(w  indicating  Argon  aa  a  possible  choice  for  the  gas  in  the 
pinch  tube.  (The  "length"  of  tho  linos  roproaonto  qualitatively 
their  intensity  in  a  logarithaic  scale}.  In  an  ideal  case  aa  aany 
lines  aa  peaaible  should  be  situated  in  the  abeerptien  region,  so 
that  in  a  tiae  t  <  t  (t  »  lifetisw  of  apontanooua  oadssion  of  the 
aetaatable  level),  the  eaitted  power  integrated  ever  the  absorption 
band  ia  sufficient  to  produce  laser  action. 

At  thia  point  let  ua  aake  a  rough  eatiaate  which  ehewa  the  path 
to  follow  in  a  aore  accurate  calculation. 
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If  m  •••UM  that  1/10th  of  tha  gaa  ataat  at  10  aa  Hfl 
(in  a  ataady^atata  candition)  at  an  "ayaraga  myaianAth”  X.  «  4000% 
m  find  far  tha  aalttad  powar  par  cb’  gaa 


=  y  h  *ha»ir*Ai»  10’ 

Aba,  band 

Mhara  h  Plank 'a  canatant 

Caneantratlan  of  aaltting  atoau  or  lana 
P«ap  fraquaney 
A|  Tranaltian  prabaklllty 


Thla  valaa  haa  to  ba  BMltlpliad  by  a  factar  <  1  dapanding  an  gaaa»*- 
try  and  raflactara  aaad.  On  tha  ethar  hand  tha  total  po«ar  abaorbad 
par  unit  voIum  In  a  thraa  laval  laaar  la' 
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Oancantxatlon  of  aetlva  Iona  a  1.6*10’*  lona/eaP 
Total  guantUB  affidaocy  «  .6 

Dacay  tlaa  of  radlatlva  apontanaoua  aaiiaalon  «  4*10*^ 
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Putting  In  nunbara  In  tha  caaa  of  ruby  «a  obtain  for  P  1400  , 
Slnco  for  P  2  P  tha  laaar  atarta  to  oaolllato  taidar  €ho  condltlma 
aaatMod  harl  laaar  action  ahould  Indaad  occur. 


Oenaldarlng  tha  gaaoa  awntlonad  In  Sac-  4  In  tha  caao  af  ruby 
only  a  rathar  lladtad  "apactral  aatch*  aaaaa  to  ba  paaalbla  alnca 
plnehad  light  aourcaa  hava  aoat  of  thalr  Intonalty  baloar  9000a,  Of 
couraa«  If  by  aoua  awana  tha  ultravlalat  light  eauld  ba  tranaforuad 
to  fraquonclaa  approprlata  to  tha  abaorptloa  banda  of  tha  ruby  In  tha 
blua  and  graan  raglon  of  tha  apactna*  tha  afflclancy  uoiild  ba  1»* 
provad,  Thla  could  bo  dona  by  a  coolant  llquldbby  changing  tha  ooar* 
poaltlon  of  tha  ruby  or  by  an  approprlata  fluoraacant  uirrar  on  tha 
outalda  of  tha  dlacharga  tuba^  and  aavaral  axparlaanta  In  thla  dlr- 
actlan  ara  undar  uay. 
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Th«  piMping  •f  th«  thrM  l«vcl  mby  Ismt  In  plneh  japutry 
it  ptrtlcvltrly  ttnaltlvt  t«  tht  Inhfogtntlty  of  tlio  ponp  tota«o* 
Sine#  tat  aiin  llfnt  tBltfivn  vCeari  in  th*  toil  plUM  ^mrj  tOvn  iht 
Mtorial  bocoMt  aaturatod  than  and  cannot  abaorb  any  mro  anaryy. 

In  cantraat.  tha  laaa  illvalaatad  araaa  of  tha  laaar  abaarb  ataronply 
tba  light  caning  frcn  ita  control  ragiona  and  oanaidarabla  tina  will 
paaa  natil  laaar  action  aocnra  If  at  all*  In  apita  of  thaaa^ffi- 
cnltiaa  it  haa  boon  paaalbla  to  ptap  auccaaafully  a  niby  at  TrK  in 
an  i  pinch  goal  try  with  Ar  aa  fill  gaa.* 

6.2  Tba  naodyalNi  laaar 

In  Fig.  5b  wa  praaant  tha  abaorptian  of  a  M~laaar  aa  a 
fonction  of  wavalangth  in  (1)  and  Indieata  in  (2)  tha  liaw  opoctnaa 
of  Mai  and  Nall.  Undar  tha  eanaitiana  af  intaraat  bara  tba  atrang 
abaorptian  band  araand  35001  ia  l^parxantt  Na  bava  triad  organ  in 
■  -  pinch  gaanatry  (92)  and  indaad  abtatnad  laaar  actian*  Oaing  a 
a-pinA  gaonatry  laaar  action  haa  baao  faand  alaa.*  Again  a  wary 
■neb  raducad  boat  tranafar  to  tba  laaar  rad  ia  abaarrad.  Oanaa- 
gnantly  high  rapatitian  rataa  in  laaar  pnpping  abanld  ba  poaalbla 
and  hava  baan  rapartad  in  tba  naantina*^  Tba  d&nr  laaal  Md  laaar  ia 
alaa  inaanaitlva  to  light  aanrea  Inhatganaltiaa. 

6.3  Tha  tarbiui  laaar 

Tarbivn  atarta  to  abaarb  atraogly  balaw  23O0t,  Ping>ing 
with  canvantienal  light  aanrcaa  at  tbaaa  Ian  wavalangtba  ia  axtraaialy 
diffiealt  bacauaa  thair  aniaaian  ia  vary  law.  Hara  pinch  diaebargaa 
ahanld  ba  axoaptionaliy  uaaful.  cj^ariMnta  with  tarbiam  do|^  9^*** 
aaa  arc  oadar  way  and  ahawad  an  Intanaa  fluaraacanca  around  5500a 
adtb  a  lang  tina  aonatant. 

7.  OpNaOSION 

ftaanlta  ao  far  indieata  a)  Pinch  diacharga  light  aaurcaa  pravida 
axcallant  naana  for  laaar  piaplng  with  incroaaad  afficiancy  in  coa* 
pariaon  to  ccnvantianal  light  aanrcaa  in  particular  in  tha  apactral 
range  balan  5000X.  b)  For  tha  firat  tina  high  rapatitian  rataa  ara 
faaalbla  abich  ara  nacaaaary  far  cartain  military  applicatiana.  Tha 
faat  pinch  diacharga  oa^aniam  alaa  may  aliminata  the  naad  far  ma* 
chanlcal  ar  alactronic  Q  -  apailing  and  ainplifiaa  tha  ayatam.  c) 

Far  aaeh  laaar  matariai  tba  light  aaurea  should  ba  lailorad  for  ap* 
tiMB  parfazMnea*  It  night  aloe  ba  poaaibla  to  davalop  naw  laaar 
■atoriala  ■atehing  tha  particular  prapartiaa  af  pinch  diaehargaa. 

For  axanpla.  Intanaa  radiation  In  tha  ultraviolet  la  axpactad  at  high 
dagraaa  af  ianisatian.  Tbarafora  naw  laaar  matariala  with  abaorptian 
ba^  in  tba  Uf  baoaan  praniaing. 

■iFERElCiSi  ^R«  D,  Haun«  Eloctra-Tachnalogy.  63.  Sapt  63 1  *R.  A. 
teandowia,  at  al.  J.  Appl*  Phya*  3^  3415.  1923|  ’C*  H.  Church,  at 
al.  J.  Opt.  Sac*  An..  2L  ^14,  19331  ^ilco  aTL  Tech  Mata  63-14. 
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A  Parumagnotic  Hosotiance  Study  of  Nltrogc’i  Atoma 
Trapped  fn  X-lrradiatod  Alkali  Azides 


HIEDERICK  F.  CAHL50N 

U.S.  ARMY  ENGINEER  UilSEARCH  AND  DEVELOPMENT  LABOIUTORlj:S 

FORT  BELVOIR,  VBIGINW. 

INTRODUCTION:  A  radical  is  a  chemical  building  block  which  is 
extremely  reactive.  It  may  be  a  molecule  or  an  atom.  Radicals  which  have 
not  yet  reacted  with  an^dhlng  are  called  free  radicals.  OH,  NOg,  atomic 
hydrogen  and  atomic  nitrogen  are  examples  of  free  radicals.  Reactions  In¬ 
volving  free  radicals  are  usually  very  energetic.  Thus,  when  nitrogen  atoms 
combine  to  form  molecules  of  diatomic  nitrogen  gas,  each  reaction  gives  off 
about  10  electron  vol'i  »..i  -  ergy.  It  is  apparent  that  if  a  large  number  of  free 
radicals  were  to  react  simultanco’.sW  an  explosion  would  occur.  If  the  reac¬ 
tion  wore  moderated  in  seme  way,  a  more  controlled  release  of  enei'gy  could 
be  obtained. 

In  the  late  1950’b  there  was  a  coiisiderable  effort  to  obtain  high 
concentratioiis  of  trapped  free  radicals  stabilized  in  some  matrix.  The 
National  Bureau  of  Standards  was  the  center  of  much  of  this  work.  Several 
reviews  of  this  work  have  been  published  in  book  form,  ^ 

The  classical  way  of  investigating  stablized  free  radicals  arising 
from  a  gas  (N  atoms,  H  atoms,  etc. )  is  to  pass  the  diatomic  gas  through  a 
radio  frequency  discharge  Urns  forming  a  small  percent  of  gas  atoms  among 
the  molecules.  The  gas  is  then  cwidensed  as  an  amorphous  solid  on  a  cold 
finger  at  4®K  (-269®C),  and  the  free  radicals  are  triq>pcd  among  the  condensed 
gas  molecules.  The  concentration  of  free  radicals  stabilized  by  those  tech¬ 
niques  is  usually  0.001%  to  0.05%.  Fontana^  reported  that  in  his  experiments 
with  N  atoms  he  observed  small  explosions.  He  estimated  the  concentration 
to  be  about  0.3%.  This  of  course  did  not  represent  a  successful  stabilization 
of  a  high  concentration  of  free  radicals  since  the  mixture  detonated  even  at 
4*^. 
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We  at  Fort  Belvoir  felt  that  the  deccmpoeitlon  of  various  solid 
aaides  such  as  NaN^,  KN3,  PbNg.  etc. ,  might  be  a  means  for  obtaining  use¬ 
ful  concentrations  of  trapped  N  atoms.  Furthermore,  a  study  of  their  forma¬ 
tion  could  provide  clues  about  the  decomposition  mechanism  of  these  lnq>oi  - 
taut  metastable  materials.  Since  nitrogen  atoms  are  paramagnetic  they  may 
be  observed  by  electron  paramagnetic  resonance  spectroscopy.  This  is  a 
most  fortunate  method  of  study  since  it  allows  us  to  look  into  the  crystal  to 
observe  the  nitrogen  atoms  without  disturbing  either  the  nitrogen  atoms  or 
the  crystal.  ]&i  addition,  if  there  are  electric  or  magnetic  interactions  be¬ 
tween  the  nitrogen  atoms  and  the  surrounding  crystal,  we  should  see  them 
as  additlanal  complications  in  the  spectrum.  These  additional  compllcaticms 
in  the  spectrum  will  allow  us  to  identify  the  location  of  the  trapped  atoms  and 
tell  us  something  about  the  strength  of  the  trap.  In  the  next  secilons  of  this 
paper  we  shall  discuss  the  experimental  methods  and  the  results.  A  brief 
discussion  of  the  current  theory  will  be  given.  It  will  be  noted  that  nitrogen 
atoms  in  the  alkali  azides  provide  an  excellent  system  in  which  to  study  the 
spectroscopy  of  S  state  atoms,  a  field  in  which  there  in  mucli  discussion  con- 
C'^ming  the  inadequacy  of  the  present  theories.  At  the  end  we  shall  present 
some  conclusions  concerning  the  concentration  of  N  atoms  and  their  useful¬ 
ness. 


EXPERDvIENTAL  PRCXIEDURE:  In  these  e;q}eriment8  we  used 
crystals  grown  from  aqueous  solutions  of  the  salts.  Tetrrgonal  KNg  and 
RbN^  crystallized  in  small  dipyramids  (3  mm  x  3  mm  x  2  nriml.These  were 
used  directly.  Tetragtmal  CSH3  crystallized  in  plates  which  were  cleaved 
(3  mm  X  3  mm  x  0.5  mm)  and  were  comparable  to  the  dipyramids  but  with 
an  undeveloped  c  axis.  Rhombohedral  NaN3  also  crystallized  in  plates. 
SaII^)le8,  2  mm  to  3  mm  square,  wore  cleaved  from  these  plates.  All 
samples  were  oriented  optically  by  observing  their  natural  faces.  A  sample 
was  glued  with  G.E.  7031  varnish,  in  a  desired  orientation  to  a  glass  rod 
which,  when  suspended  into  the  microv/ave  cavity,  served  as  the  crystal 
rotator.  The  samples  were  irradiated  in  liquid  nitrogen  with  a  Machlett  OEG 
60  x-ray  tube  operated  at  40  kV  and  40  mA.  The  glass  rod  was  protected 
from  the  x  rays  so  that  signals  from  irradiated  glass  would  not  interfere  with 
the  woik.  Other  san^iles  irradiated  in  evacuated  quai*tz  tubes  showed  identi¬ 
cal  qiectra.  The  irradiated  sample  was  placed  with  as  little  warming  as 
possible  into  the  precooled  variable  temperature  Dewar  insert  of  the  Varian 
spectrometer.  The  other  end  of  the  glass  rod  was  fastened  to  a  rotatable 
chuck.  A  pointer  on  the  rod  measured  the  angle  of  rotation  against  a  protrac¬ 
tor  fixed  at  the  axis  of  the  chuck.  Spectra  were  made  at  9.1  kMc  using  a 
rectangular  Hqj^o  cavity  with  100  kc  field  modulation  and  pliase -sensitive 
detection.  This  leads  to  the  fiimlliar  Ist  derivative  display  of  the  absorption 
spectrum.  Low  teinperatures  were  obtained  by  using  the  Varian  variable 
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temperature  ai^aratus.  The  temperature  of  the  sample  was  measured  by  a 
chromel  alumel  thermocowle  inserted  in  the  gas  stream  Just  beneath  the 
cavity. 


nee  spectrum 
For  atomic 


THE  SPECTRA:  The  electron  paramagnetic  res( 
of  atomic  nitrogen  in  various  matrices  is  well  known. ' 

nitrogen  trapped  in  a  crystal  lattice,  one  would  expect  the  crystalline  electric 
field  to  shift  the  four  magnetic  states  so  that  the  three  transitions  between 
them  would  occur  at  different  magnetic  fields.  This  is  known  as  the  fine 
structure,  ^ee  the  article  by  Bleaney  and  Stevens^  for  an  excellent  dlscus- 
sioivwith  diagrams.)  In  addition,  the  magnetic  field  of  the  nitrogen  nucleus 
will  split  each  fine-structure  component  into  21  +  1  =  3  hyperfine  lines.  Thus, 
the  spectrum  should  consist  of  three  groups  of  three  lines.  The  intensity 
ratio  of  the  outer  triplets  to  the  center  one  should  be  three  to  four.  The 
splitting  between  the  fine  structure  components  will  depend  upon  the  intensity 
of  the  crystal  field  at  the  trapped  nitrogen  atom.  It  will  also  be  a  function  of 
the  angle  between  the  crystal  field  and  dc  magnetic  field. 


The  spectrum  of  N  in  the  azides  we  are  discussing  appeared  more 
complex  than  this  nine  -line  model.  However,  it  was  possible  to  show  that  the 
complexities  were  caused  by  the  presence  of  several  groups  of  nine  line 
spectra.  This  would  result  if  there  were  more  than  one  cite  for  the  tipped 
nitrogen  in  each  crystal.  Further  study  showed  that  each  spectrum  corre- 
spcHids  to  a  nitrogen  atom  in  one  of  several  similar  sites  with  noncoincident 
magnetic  axes.  The  center  triplets  of  each  spectrum  coincide  except  for 
small  second-order  effects.  Thus  the  center  triplet  appears  stronger  than  the 
3:4  ratio  predicts.  In  NaN^  there  are  three  such  similar  sites,  each  one  with 
its  magnetic  axis  parallel  to  one  of  the  three  rhombohe^al  axes  of  the 
cr\'stal.  In  the  tetrag<mai  azides  there  are  two  sites,  one  with  its  magnetic 
axis  along  the  110  direction  and  the  other  with  its  magnetic  axis  along  the  llo 
direction.  Fig.  1  shows  typical  spectra  of  trapped  nitrogen  atoms.  Figs.  2 
and  3  show  the  location  and  symmetry  of  trapped  nitrog^  atoms  for  NaN3  and 
for  the  tetragonal  azides  respectively. 


In  paramagnetic  resonance  spectroscopy,  we  describe  our  results 
in  terms  of  a  spin  Hamiltonian.  The  spin  Hamiltcmian  for  these  experiments 
is  =  g3H'S  +  D[s2  -  jS(S  +  1)]  E(s2  -  +  AI-S 

Each  term  of  the  Hamiltonian  represents  the  energy  of  a  particular  interaction. 
The  first  term  represents  the  Zeeman  splitting.  Here  g  is  the  Land^  factor, 

3  is  the  Bohr  magneton,  and  H  is  the  dc  magnetic  field.  The  second  and  third 
terms  represent  the  perturbation  of  Zeeman  splitting  by  the  interaction  of  axial 
and  rhombic  crystal  fields  (the  fine  structure).  D  and  E  are  constants.  The 
fourth  term  r^resents  the  additional  splitting  of  the  energy  levels  by  magnetic 

137 


CARl^ON 

interaction  of  the  nitrogen  nucleus  (the  h3per£lne  structure).  A  Is  the  isotropc 
hyperfine  constant  and  I  is  the  magnetic  moment  til  the  nitrogen  nucleus.  The 
values  of  the  various  constants  obtained  in  these  eiqieriments  are  shov^  in  the 
table.  It  will  be  noted  that  the  values  os'  the  various  constants  given  in  the 
table  appear  to  be  orderly  functions  of  the  metal  ion.  D  &  E  increase  as  (me 
proceeds  down  the  first  column  of  the  periodic  chart,  and  the  g  value  de¬ 
creases.  We  shall  not  discuss  tho  g  shift  in  this  paper,  but  confine  our  atten¬ 
tion  to  the  fine  structure  parameters. 

As  was  mentioned  previously  the  fine  structure  splitting  is  a  func¬ 
tion  of  the  angle  between  the  magnetic  axis  of  crystal  field  surrounding  the 
trapped  nitrogen  and  the  dc  magnetic  field  which  provides  the  Zeeman  split¬ 
ting.  Maximum  splitting  occurs  when  the  magnetic  axis  of  the  trap  is  parallel 
to  the  dc  magnetic  field.  For  a  3/2  state  this  corresponds  to  a  splitting  of  4D. 
hi  our  e^eriments  this  is  observed  to  occur  when  the  line  from  one  nearest 
neighbor  metal  ion  through  the  nitrogen  atom  to  the  other  nearest  neighbor 
metal  ion  is  parallel  to  the  dc  magnetic  field.  This  is  taken  as  the  z  axis, as  is 
shown  in  Figs.  2  and  3.  We  may  thus  relate  D  to  the  axial  field  of  the  metal 
ions  and  E  to  the  rhombic  asymmetry  caused  by  the  nearest  neighbor  azide 
ions,  hi  order  to  relate  the  spin  Hamiltcmian  to  the  e;q>eriment,  it  is  conven¬ 
ient  to  transform  it  from  wave  numbers  to  magnetic  energy  in  Gauss  and  to 
coordinates  involving  angles,  which  may  be  related  to  the  rotation  of  the 
cr3rstal  in  the  dc  magnetic  field.  The  coordinates  relating  the  Hamiltonian  to 
the  crystal  are  shown  in  Figs.  2  and  3.  This  transformed  Hamiltonian  is^^ 

^  =Hp+(M-  y){D(3coB2e-l)-3E(cos2e-l)cos2qj} 

+  1  [4S(S  +  1)  -  24M(M  -  1)  -  9]{D  -  E  co62cp)2(sinecose)2 

+  (E  sin  2<p)2(sln  0)2 } 

where  is  the  magnetic  field  (in  Gauss)  at  which  the  fine  structure 
coalesces 0  is  the  angle  between  the  z  axis  and  the  dc  magnetic  field  and  cp 
is  the  angle  in  the  xy  plane.  <p  =  0  is  the  x  axis.  It  is  the  fit  of  the  experi¬ 
mental  data  to  this  spin  Hamiltonian  which  provides  us  vdth  the  informaticm 
that  the  resonance  is  due  to  a  spin  state  of  3/2  and  indeed  belongs  to  ground 
state  atomic  nitrogen.  Fig.  4  shows  a  plot  of  this  tlieoretical  Hamiltcmian  for 
N  in  NaN3,  only  the  M  =  +  1/2  ±  3/2  transitions  ore  shown  .  The  angular 

variation  of  all  three  sites  is  Included.  The  points  are  the  ejQiorimental  data. 
It  is  seen  that  t^  e  agreement  is  quite  good.  Fig.  5  shows  a  similar  plot  for  N 
in  HbNg;  however,  the  plot  is  made  for  only  one  site. 

THE  THEORY  OF  THE  FINE  S’iRUCTURE:  The  central  theme  of 
this  paper  is  the  discussion  of  the  fine  structure  and  what  we  may  learn  from 
it  about  the  trap  which  holds  the  N  atoms.  Thus,  for  the  remainder  of  this 
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p«p«r  1  dhall  focus  my  attention  on  tho  fine  structure  parameters  D  &  E  In  an 
attempt  to  understand  bow  these  aero  field  splittings  arise  in  an  S  state  atom. 
The  origin  at  these  splittings  is  not  yet  fully  imderstood,  since,  for  spheri¬ 
cally  synunetrical,  orbltally  nondegen arate  states,  i.e.  8  states,  the  usual 
mechanUims  of  splitting  are  not  applicable.  The  problem  is  an  old  one  having 
first  boon  considered  in  the  early  30*s  by  Van  Vleok  and  Penney.  TheJ.r 
theory,  based  oc  spin  orbit  interaction  and  crystal  field  in  a  high  order  per¬ 
turbation,  has  been  rejected  since  the  splittings  it  predicts  are  much  smaller 
than  the  observed  ones.  Pryce,  in  1950,  suggested  an  alternative  mechan¬ 
ism  foi  the  splitting  in  6c  Ho  proposed  that  the  electric  field  gradient 
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and  spin-spin  interactions  combine  to  cause  the  observed  splitting.  He  made 
a  rough  calculation  which  predicted  a  D  of  the  ri^t  order  of  magnitude. 
Briefly,  what  those  theories  say  is  that  one  can  explain  how  a  spherically 
symmetrical  state  is  split,  by  recognizing  that  a  noc -spherical  field  gradient 
may  Induce  a  non -sphericity  in  the  electron  charge  configuration.  Then  the 
anisotropic  dipole-dipole  interaction  will  cause  a  splitting  of  the  spin  levels. 
Recently,  Chakravarty  and  Ber"  '«hn  have  presented  detailed  calculate  uns  of 
the  zero  field  splitting  of  atomic  nitrogen  based  cm  the  field-gradient -spin- 
spin  mechanism.  1  shall  summarize  their  results  and  then  discuss  my  model 
which  indicates  the  importance  of  nearest  neighbor  interactions.  Chakravarty 
and  Berseto  write  expresaioos  for  the  distorted  states  based  on  a  Hamiltonian 
r^tresenting  the  perturbation  by  the  crystalline  field.  Then  they  calculate  the 
expectation  value  of  the  dipole-dipole  Interactioa  iterator  between  these 
states.  After  a  suitable  transformation,  they  compare  the  result  with  the 
original  spin  Hamiltonian  for  the  crystal  field,  and  they  obtain 


D  =  -  (^)^<DD>  and  E  =  -  (^^<EE> 


udiere  a^  is  the  Bc^r  radius,  e  is  electronic  charge  and  q  is  the  field  gra¬ 
dient  in  the  z  direction  nq  is  the  field  gradient  in  the  xy  plane.  They  e\.duate 
the  integrals  (DD)  and  (EE)  by  using  a  Slater  type  function  and  obtain  aj^ro- 
priate  numbers.  Thus  we  see  that  D  &  E  are  linear  functions  of  the  field  gra¬ 
dients.  If  one  could  measure  the  field  gradients  by  a  different  experiment, 
say  quadrupole  resonance,  one  would  have  a  check  of  the  theory.  Ucifortu- 
nately  no  measurements  are  available  or  likely,  since  NMR  studies  of  nitro- 
ger  involve  gresit  signal  to  noise  difficulties.  One  could  also  check  the  theory 
by  calculating  the  field  gradients  from  a  lattice  sum.  Thus 


q  =(i-vj  >® 


aq  =  i 


rm.  Tno 


5> 


ij 


where  v  is  a  Stemheimer  anti-shielding  factor.  1-7 

'fio 
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Such  a  calculation  Igi^'orea  the  size  of  the  nearest  neighbors  and  may  or  may 
not  be  meaningful.  Cbakravarty  and  Bers(^m  have  made  such  a  calculation  for 
KNo  and  report  no  agreement  at  all  with  the  values  taken  from  the  EPK  data 
and  their  theory.  Mr.  McMillan  of  our  group  has  made  some  point  charge 
lattice  sums  for  the  tetragonal  azides  in  order  to  see  in  which  dhraction  the 
field  gradient  changed  as  one  progressed  down  the  Prst  coliunn  of  the  peri¬ 
odic  chart.  The  result  was  that  q  decreased  as  one  progressed  from  KN3  to 
CsNj.  According  to  the  theory,  q  should  increase  since  the  measured  D  &  E 
increase. 


The  most  likely  conclusion  from  these  discrepancies  is  not  that 
theory  is  incorrect  but  tlxat  one  must  add  to  the  point  charge  model  by  taking 
into  account  the  special  effects  of  the  nearest  neighbor  ions.  We  have  begun 
such  a  study. 

Consider  the  following  qualitative  picture.  The  nitrogen  atom  is 
trapped  between  t\vo  large  metal  ions  which  are  very  near  (particularly  so  for 
the  tetragonal  azides).  We  can  perhaps  get  a  picture  of  how  in:^>ortant  it  is  to 
include  the  effects  ot  these  i<ms  by  plotting  their  radial  electrcm  densitiec  on 
a  scale  next  to  the  nitrogen  atom  radial  electron  density  at  the  proper  inter- 
ionic  distance.  Fig.  6  shows  such  a  plot  for  nitrogen  trapped  In  sodium  azide. 
In  making  these  plots  the  following  assumptions  were  made. 

1.  We  used  Hartree  radial  wave  functions.  ^®The  metal  ion  func¬ 
tions  do  not  include  exchange  since  exchange  calculations  were  available  only 
for  Na'*'  and  K^.  Exchange  interactions  tend  to  shrink  electron  cloud  and  would 
thus  lessen  the  overlap. 

2.  Available  lattice  constants  were  used.  This  means  that  no 
corrections  were  made  for  lattice  expansion  because  of  the  interstitial  idtro- 
gen  atom,  and  that  no  corrections  were  made  to  account  for  the  thermal  con¬ 
traction  of  the  lattice  at  the  low  temperature  of  the  measurements. 

Since  we  are  looking  for  relationships  between  similar  materials, 
it  is  hoped  that  these  approximaticxis  are  valid.  Fig.  7  shows  a  similar  plot 
for  the  alkali  metal  azides.  If  one  uses  the  area  of  common  electron  density 
as  a  measure  of  how  strongly  the  metal  ion  disturbs  the  spherical  charge  dis¬ 
tribution  of  the  nitrogen  atom  and  plots  D  as  a  function  of  this  disturbance, 
one  obtains  the  eiqxxiential  graph  shown  in  Fig.  8.  It  is  clear  that  there  is  a 
functional  relationship  between  the  amount  of  asymmetry  induced  in  the  nitro¬ 
gen  free  atom  wave  functions  by  the  nearetst  neighbor  metal  ions  and  the  fine 
structure  parameter,  D.  The  exponential  form  of  this  graph  is  characteristic 
of  Interactions  involving  exchange  as  a  fujiction  of  r.  This  is  what  one  might 
expect  since  interactions  between  the  electron  clouds  would  involve  the  Pauli 
exclusion  principle  and  Coulomb  effects.  The  interpenetration  of  the  electrcm 
densities  implies  a  mixing  of  the  metal  ion  wave  functions  with  the  nitrogen 
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atom  wave  functlone.  This  mixing  grafts  some  of  the  aspherical  characteris¬ 
tic  b  of  the  metai  iisi  wave  fiuictioti  outo  the  spherical  nitrogen  atcin.  We  can 
describe  this  by  a  superposition  of  excited  states.  The  result  is  a  splitting  of 
the  spin  levels,  as  shown  by  the  fine  structure.  This  more  or  less  empirical 
model  suggests  several  things  c^mcemii^  the  fine  structure  parameters  D&E: 


That  overlap  charge  effects  are  important  in  the  calculation  of 
fine  structure  splittings  of  S  state  atoms,  and  that  further  study  of  the  overlap 
of  the  wave  functions  involved  should  be  made.  Furthermore,  in  sodium  aside 
the  effect  of  the  sodium  icsi  is  small  and  hence  one  might  hope  that  a  calcula¬ 
tion  of  the  field  gradient  for  nitrogen  trapped  in  sodium  azide  might  give  rea¬ 
sonable  agreement  with  the  resultant  experimental  value  of  D,  thus  siipportlng 
the  basic  ideas  of  the  theory  given  by  Chakravarty  and  Ders<^. 

DBCUSSION :  The  theory  discussed  in  the  previous  section  gives 
us  a  picture  of  the  importance  of  the  size  of  the  nearest  neighbor  ions  and  the 
size  of  the  trap.  It  may  be  noted  that  where  the  overlap  of  the  wave  function 
is  large  the  formation  of  a  chemical  bond  may  occur.  Thus  we  might  expect 
that  in  the  tetragonal  azides,  KN^  RbN^,  and  CsN^,  the  N  atoms  would  be 
more  tightly  bonded  to  the  surrounding  ions  than  in  NaN^.  That  this  is  the 
case  is  borne  out  by  experiments  in  which  the  change  in  Intensity  of  the  reso¬ 
nance  is  observed  over  a  period  of  time  as  a  function  of  t©mi»eratare.  Those 
thermal  bleaching  experiments  show  that  the  trapped  nitrogen  is  more  stable 
in  KN„  than  In  NaN^.  In  NaN^  the  nitrogen  resonance  bleaches  instantly  at 
170°k!.  ii  KNg  it  bleaches  around  190'^.  Preliminary  measurements  on 
nitrogen  in  RbN3  indicate  that  this  trend  continues. 

From  the  preceding  discussion  it  would  appear  that  cesium  azide 
would  be  the  best  of  these  materials  in  which  to  attempt  to  gtabUize  large 
quantities  of  nitrogen  atoms.  However,  other  factors  are  involved.  The  pro¬ 
duction  of  the  radicals  requires  that  thex  rays  penetrate  through  the  crystal. 

The  heavier  metal  azides,  RbN3  and  C8N3,  are  so  dense  that  the  intensity  of 
X  rays  reaching  the  interior  of  the  crystal  is  very  low.  Thus  a  long  time  is 
required  to  produce  even  a  low  concentration  of  radicals  in  the  interior  of  the 
crystal.  More  energetic  x  rays  or  gamma  rays  might  improve  the  situation. 

So  far  we  have  obtained  our  highest  concentrations  of  N  atoms  in 
the  lightest  of  these  materials,  NaN3.  By  comparison  with  other  resonances  of 
known  concentration,  we  have  estimated  this  concentration  to  be  less  than  0.01%. 
This  is  about  the  same  as  others  have  previously  observed.  It  does  not  repre¬ 
sent  a  satisffictory  concentration  for  use  as  an  energy  source.  However,  even 
though  we  have  been  imsuccessful  in  obtaining  i  useful  concentration  of  free 
radicals,  we  have  gained  considerably  in  terms  of  stability.  Trapped  nitrogen 
atoms  in  azide  crystals  are  relatively  long-lived  even  at  150°K.  This  repre¬ 
sents  a  great  improvement  in  stability  over  nitrogen  atoms  in  a  frozen  gas 
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nuitrix  where  the  nitrogen  atome  are  not  etable  above  20^  or  30%.  We  hope 
to  ejg>loit  this  intproved  atabUlty  by  Investigating  trapping  phenomena  at 
liquid  helium  temperatures.  At  4%  it  may  be  possible  to  increase  the  concen¬ 
tration  oi  tnq>ped  nitrogen  atoms  many  fold.  However,  it  seems  improbable 
that  the  improvement  would  be  so  spectacular  that  the  result  could  be  used  as 
an  energy  source. 

I  wish  to  thank  Mr.  G.  J.  King  for  providing  many  of  the  crystals 
K^ch  made  this  study  possible.  1  also  wish  to  thank  Mr.  King,  Mr.  R.  C. 
McMillan,  and  Mr.  B.  S.  Miller  for  their  assistance  and  for  m^y  helpful 
discussions.  The  interest  of  Dr.  Z.  V.  liarvallk  is  gratefully  acknowledged, 
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Fig.  It  The  first  derlTatlve  of  the  eleotron  resonance  absorption 
of  nitrogen  atons  in  aodlxim  aside,  (a)  With  the  ciystal  In  an 
arbitrary  orientation  showing  all  the  obserred  nitrogen  lines. 

(b)  With  111  parallel  to  the  do  magnetic  field. 
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2:  Twc  rhoasbohedrml  unit  cells  of  MaK^,  The 

nitrogen  ato»6  idre  in  the  interatltiel  sites  Fig,  3*  The  local  syawetry  about  the 

ae:  shown  by  the  sollu  circles#  The  coordinates  for  tr^Tped  nitrogen  in  the  tetragonal  asides 

the  spin  Haadltonlaa  shown  for  one  of  the  sites* 
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Fig,  Li  Th«  angular  variation  of  Ut«  fina  atructure  as  the  cryatal  of 
l6  rotated  in  the  dc  magnetic  field.  The  drawing  ehovs  the 
three  eimilar  pattema  correaponding  to  the  three  orientations  of  the 
defect  in  the  crystal. 


Fig.  5i  The  angular 
variation  of  the  fine 
structure  as  the  cry¬ 
stal  of  tetragonal 
RbN^  is  rotated  in 
the  dc  magnetic 
field.  Only  one  of 
the  two  sites  is 
plotted. 
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Table  of  tie  experimentally  determined  values  of  the  ^in  Hamiltonian 
parameters  for  ultrcg^  etcme  in  the  alkali  asides. 


D(cm~^) 

NaNg 

0.00407 
+  0.0001 

KNg 

0.0143 

t  0.0001 

RbNg 

0.0199 
±  0.0001 

CsN, 

0.0341 

±0.0002 

E(cm"^) 

-  0. 00026 
t  0.00005 

-  0.  00199 
*  0.00002 

-0.00469 
t  .00005 

-  0.0103 
t  0.0003 

Z 

2.002 1 
.0002 

2.  001  t 
.  0001* 

1.  997  ft 
.002 

1.992  + 

.002 

A(cm"^) 

0.00053 
to.  00001 

0.00051 
t  0.00002 

0.00053 

^0.00003 

0.00054 t 
+  0.00005 

*Data  from  reference  10 
t  Estimated, 


Fig.  6:  A  plot  of  the  Hartree  radical  electron  densities  of  atomic  nitrogen 
and  ionic  sodium.  The  plots  are  separated  by  one  half  the  sodium- 
sodium  distance  in  sodium  azide.  Note  the  small  overlapping  areas. 
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Fig,  7.  A  graph,  similar  to  figure  6  showing  the 
overlapping  areas  of  electron  density  for  nitrogen 
in  the  alkali  azides. 


CASON 


GAS  VELOCITY  PROBE  FOR  MOVING  IONIZED  GASES 


CHARLES  CASON 
U.  S.  ARMY  MISSILE  COMMAND 
REDSTONE  ARSENAL,  ALABAMA 


1.  INTRODUCTION 

Methods  for  measuring  gas  velocity  In  a  flowing  plasma  may 
be  categorized  as  average  type  measurements  and  local  measurements. 
Betchov  and  Fuha  (Ref.  1)  measured  the  gas  velocity  of  a  plasma  jet 
with  a  pair  of  pickup  colls,  one  located  tipstream  from  the  other  one. 
"Noise"  signals  from  each  coll  were  displayed  on  a  double  gun  oscillo¬ 
scope  and  the  record  photographed.  Gas  velocity  was  estimated  by  the 
time  delay  In  the  signal 'between  the  upstream  and  the  downstream  colls 
Gourdlne  (Ref.  2)  also  used  colls  but  he  developed  an  RF  method  In 
which  a  moving  plasma  distorted  the  magnetic  field  within  the  colls 
and  this  variation  was  related  to  the  gas  velocity.  Beasley  and  co- 
workers  (Ref.  3)  used  photomultiplier  tubes  with  lenses  as  the  sensors 
This  method  was  essentially  the  same  as  Betchov 's  and  Fuhs ’ .  Methods 
which  use  detectors  to  observe  disturbances  at  different  axial  posi¬ 
tions  to  relate  time  delays  to  velocity  will  give,  at  best,  average 
velocities  for  wide  separations,  or  Inaccurate  velocities  for  very 
close  spaclngs  of  detectors.  This  property  Is  comparable  In  a  way  to 
an  "uncertainty  principle". 

Disadvantages  of  the  above  methods  are  that  the  data  must  be 
photographed  point  by  point  and  analysed  at  a  later  time  and  also  that 
good  spatial  resolution  Is  not  achieved.  Streak  camera  photography 
using  a  focal  plane  shutter  camera  as  suggested  by  '^asley  (Ref.  4) 
and  Freeman  (Ref.  12)  will  produce  the  same  results.  The  chief 
advantage  of  these  "average"  measurements  Is  that  the  plasma  flow  Is 
undisturbed  by  the  measuring  equipment. 

Probes  Immersed  In  a  plasma  have  been  successfully  used  to 
measure  many  plasma  properties.  Jahn  and  Grosse  (Ref.  5)  used  paired 
electrostatic  probes  to  measure  characteristics  of  shock  velocities. 

As  before,  the  arrangement  of  the  probes  was  axial  or  time  separated. 
Baker  and  Hammel  (Ref.  6)  suggested  a  new  way  of  measuring  plasma 
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gca  valpcltiet.  They  iavestigstsd  tbs  properties  of  s  plasiw  streaa* 
lag  transverse  to  e  Mgnetlc  field.  In  general  the  behavior  of  e 
■oving  pleeae  in  the  presence  of  e  negnetlc  field  rarely  follows  the 
einple  classical  theory  due  to  a  mltitude  of  plosna  processes.  How¬ 
ever,  Baker  end  Hamel  denonstrated  that  when  a  plesoe  streams  through 
a  transverse  magnetic  field  B,  with  a  velocity  v,  an  orthogonal  elec¬ 
tric  field  B,  is  present.  According  to  simple  classical  theory  a 
polarisation  electric  field,  7  Z  V,  would  be  generated  in  the  plasma 
to  allow  it  to  pass  through  the  magnetic  field.  The  value  of  E/B 
which  they  observed  was  in  agreement  with  the  plasma  velocity  as  deter¬ 
mined  by  magnetic  probes. 

Cleydcn  end  Coleman  (Ref.  7)  applied  the  above  mtbod  to  an 
erc-heeted  low  density  wind  tunnel.  They  Inserted  a  pair  of  synsetrlc 
probes  onunted  1  cm  apart  along  the  flow  radius  normal  both  to  the 
applied  D.C.  magnetic  field  end  the  gas  flow  to  detect  the  electric 
polarisation  field  present.  A  recording  galvanometer  was  used  to 
simultaneously  measure  the  voltage  across  the  probes  and  the  current 
to  the  coil.  Their  analysis  indicated  a  linear  variation  in  polari¬ 
sation  voltage  with  applied  D.C.  magnetic  field.  Their  stuay  did  not 
estimate  the  sensitivity  or  linearity  of  the  equipment  and  they  did 
not  report  any  special  experimental  difficulties  in  applying  this 
apparatus  to  wind  tunnel  research. 

2 .  THEORY 

laportent  parameters  in  the  design  of  velocity  probe  experi¬ 
ments  aro:  1)  the  minlanm  charge  density  for  application,  2)  thermi¬ 
onic  emission  effects,  end  3)  sdnlmum  detectsble  gas  velocity.  A 
review  of  standard  electrostatic  probe  theory  with  modifications  to 
allow  for  polerisstlon  voltage,  measurement  currents  end  probe  thermi¬ 
onic  emission  will  yield  this  information. 

The  theory  of  electrostatic  probes  war  devised  by  Langmuir 
end  Mott-Smlth  (Raf.  8)  for  a  single  probe  floating  In  a  plasma.  It 
was  modified  by  Johnson  end  Mclter  (Ref.  9)  to  apply  to  two  equal  area 
probes,  figure  la.  depicts  an  idealised  potential  diagram  across  a 
plasma  with  a  v  Z  B  potential  added.  Subscripts  1  and  2  ere  probe 
index  numbers  and  i  denotes  the  surface  work  function.  The  potentials 
of  the  two  probos  with  respect  to  the  taseediate  vicinity  pla~ma  are 
Vi  and  end  the  electric  polarisation  of  the  plasma  due  to  a  magnetic 
field  la  Vg.  ?o  denotes  the  output  voltage  ea  would  be  measured  by  a 
voltmeter.  The  output  voltage  then  has  coaq>onents  due  to  pleama 
propertiea,  electrode  work  functions,  and  applied  external  magnetic 
fields. 

When  an  electron  is  thermlonically  emitted  it  hss  overcome 
a  barrier  of  #  above  the  Fermi  level  and  leaves  with  e  kinetic  energy 
proportional  to  the  surface  tesfiereture.  Energy  la  added  as  the 
electron  fella  throtigh  the  probe  sh&ath.  For  probes  pcrpendiculsr  to 
B  field  end  to  the  stream  velocity,  the  electron  then  loses  kinetic 
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•nergy  proportloaal  to  ths  pclarlsstios  voltage  of  the  placina  relative 
to  clectroas  back  at  Ita  aourcc  probe.  It  next  loaea  kinetic  energy 
proportional  to  the  other  probe 'a  potential  when  collected  by  It. 

Then  relative  to  ite  source  electrons,  its  energy  is  then  further 
re  luced  proportional  to  the  work  function.  Arrows  In  the  figure  Indl'- 
cate  the  path  this  electron  would  take  as  Its  potential  is  changed. 
Collection  and  emission  rates  of  electrons  are  assumed  not  to  disturb 
the  plasma.  Charges  then  must  be  generated  or  absorbed  by  the  plasma 
as  rapidly  as  they  are  drained  away  or  emitted  by  the  electrodes. 

Figure  lb.  shows  an  Idealized  plassta  and  Instrument  system. 
In  this  figure,  1^  and  refer  to  random  ion  and  electron  current 
densities  near  electrodes  of  areas  Aj.  and  Ag  .  The  primed  terms  corre¬ 
spond  to  those  plasBia  charges  actually  collected.  Langswlr  (Ref.  10) 
has  shown  that  Ion  currents  may  be  produced  at  a  hot  electrode  when 
It  la  in  an  alkali  vapor.  Ttiis  method  for  ion  prodxKtion  will  be 
neglected,  even  for  hot  probes,  since  the  application  is  for  air, 
nitrogen,  and  Inert  gas  plasmas.  Thermionic  electron  current  density 
Is  represented  by  while  conventional  circuit  current  is  labeled  I. 
The  ateasurement  Impedance  is  called  R  and  the  observed  voltage  is 
then  Vo . 


Complete  current  expressions  are  obtained  by  applying 
Kirchhoff's  law  at  each  of  the  two  electrodes. 


1  •  ‘il  -  1;,  A.  + 

(1) 

*  •  -‘i.  <•  - 

(2) 

The  primed  terms  are  the  electrons  and  Ions  collected  by 
each  probe.  Langmuir  (Ref.  8)  used  the  Boltzmann  distribution 
fimctlon  for  tf  j  x  coqgionent  of  velocity  to  determine  collection 
currents.  When  this  Is  done  for  equations  (1)  and  (2)  the  potential 
on  each  probe  is  calculated  to  be. 


Vi  -  -  -  T„  In  (l  - 

>S.  ■  -  T„l«  0  * 


(3) 

(*) 


when  T^  Is  In  electron  volts.  The  random  electron  current  density 
teruL'i  are  a  convenient  grouping  of  constants  from  the  integration 
while  1^  Is  the  saturated  ion  current  density  to  each  negative 
(respect  to  the  local  plasma)  probe.  In  an  Idealized  swasurement 
situation  I  Is  exactly  zero  because  R  Is  a>.  For  this  situation  the 
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floating  potential  Vf,  on  each  electrode  is  obtained.  Equation  (5), 
written  without  subscripts,  is  valid  at  cither  electrode. 

Vf  -  -  Tg  In  (li/l^)  -  In  (1  +  Jj-h/ii)  (5) 


Equation  (5)  has  one  additional  tens  adued  to  the  vaual 
electrostatic  probe  theory  for  the  probe  floating  or  wall  potential. 
It  may  be  aeen  from  this  equation  chat  if  is  sufficiently  large 
Vjp  may  even  be  positive.  This  condition  is 

Jth  >  iei  ‘  ^ii  • 

Generally  is  negative  except  for  rarefied  plasma  flows  and  hot 
electrodes . 

The  potential  measured  with  an  infinite  Impedance  meter  can 
be  deduced  from  Fig.  la. 

Vo  -  #1  "  ia  +  Va  -  Vi  +  PB  (7) 

Effects  of  absorbed  atoms  which  would  modliy  the  work  function  arc 
neglected  in  this  study  since  each  electrode  is  assumed  to  be  hot. 
When  equations  (3)  and  (4)  are  substituted  into  equation  (7)  one 
obtains 

Vo  -  +  T,iln  (iu/i^)  •  T^ln  (iia/i«a) 

+  0  -  0  +  <« 

Equation  (8)  shows  separately  the  effects  on  the  measured  voltage  of 
1)  thermionic  emission,  2)  thermal  gradients,  3)  fluctuations  of 
velocity,  charge  density  and  tesqierature,  and  4)  amgnetic  fields. 
Problem  areas  may  be  divided  into  those  associated  with  D.C.  and  A.C. 
smasurement.  As  an  example  the  A.C.  case  will  be  considered.  When  a 
magnetic  field  of  Bo  sin  <i>t  is  applied,  the  measurement  voltage  may 
be  tuned  to  the  angular  freqxiency,  u),  which  is  used.  From  equation 
(8)  the  D.C.  terms  not  affected  by  drawing  current  may  be  dropped 
thereby  leaving  the  following; 


V,  .  .B  .in  +  T„U  (l  - 

Equation  (9)  Is  an  Implicit  expression  of  circuit  current.  The  last 
two  terms  on  the  right  of  equation  (9)  give  the  error  voltage  due  to 

152 


CASON 


the  plvnM^probc  current  drain  of  the  aeeeurlng  InetrusMnt.  For  low 
density  pleemee  these  tens  need  to  be  evelueted  to  teet  for  eny 
changes  In  Vo  due  to  circuit  current  effects. 

3.  KXPBRD41NTAL  PROCEDURE  AMD  DATA 

Steady  State  Induced  Fields 

In  the  first  experiments  a  D.C.  magnetic  field  was  placed 
across  a  plasma  Jet  perpendicular  to  the  flow.  Clayden  and  Coleman 
<Ref.  7)  used  an  Iron  core  electromagnet  greater  then  100  gauss  but 
found  hysteresis  In  their  field  due  to  the  Iron.  Therefore,  an  air 
core  Helmholtz  coll  was  used  In  this  study  to  produce  a  magnetic  Held 
linear  with  current.  The  magnetic  Induction,  B,  In  the  center  of  the 
coll  system  Is 

B  -  8.99  X  lO'’  nl/a,  (10) 

where  B  Is  In  Ueber/amter* ,  n  is  the  number  of  turns  per  coil,  1  the 
current  In  aaf>s  and  a  Is  the  radius  In  meters  of  a  coll. 

The  magnet  consisted  of  8  turns  of  copper  tubing  wound  on  a 
radius  of  16.5  cm.  The  magnetic  field  was  calculated  by  equation  (10) 
to  be  O.A36  gauss  per  ampere.  Measurements  of  the  Induced  magnetic 
field  was  0.443  gauss  per  ampere  which  suggested  that  a  partial  turn 
was  generated  from  a  return  lead.  Since  agreement  Is  within  21,  the 
calculated  value  was  used  In  the  analysis.  Field  strengths  of  85  to 
100  gauss  were  used  in  the  experiments. 

Source  of  the  plasma  gas  was  a  eaiall  D.C.  plassm  generator. 
The  cathode  was  water  cooled  tungsten  and  the  anode  nossle  was  brass 
with  a  1/8"  diameter  throat.  Power  for  the  plasma  generator  casM  from 
a  bank  oi  10,  24  volt  truck  batteries  in  aeries.  The  arc  was  Inlated 
by  swans  of  an  ln>li.ie  Tesla  coll  arrangeswnt.  The  minimum  power 
delivered  to  tbs  electrodes  was  325  watts  while  the  msxlmum  was  1,350 
watts.  Argon  was  the  gas  used  in  all  cases. 

In  each  experiment  the  vacuum  reservoir  (13,000  cubic  feet 
volume)  was  puaped  down  to  e  pressure  less  than  1  micron.  Then  the 
test  gas  wss  Injected  st  a  constant  pie -determined  flow  rate.  Next 
the  arc  was  initiated  by  the  Tesla  coil  and  then  the  swgnetlc  field 
was  applied.  Polarization  voltage,  a  measure  of  velocity,  was  graphed 
as  a  function  of  the  output  voltage  of  a  the.mocouple  vacuum  gage 
attached  to  the  vacuum  reservoir.  It  was  at  this  point  that  an  unde¬ 
sirable  feature  of  the  D.C.  ayatem  becasw  evident.  The  sampling  probea 
became  white  hot  and  began  to  thexmionlally  emit  electrons.  One  probe 
wss  In  the  center  of  the  flow  and  one  was  near  the  side  thus  producing 
Important  temperature  differences  In  the  probe  metal. 

By  alternately  turning  the  magnet  on  and  off  a  "zero"  base 
line  for  measured  probe  voltage  could  be  drawn  on  the  x-y  plotter  In 
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juUiltion  to  the  total  signal.  Figure  2a.  Is  a  typical  data  plot. 

Tba  pressure  Is  plotted  on  the  abscissa  and  probe  voltage  Is  on  the 
ordinate;  in  this  case  the  gas  flow  was  argon  at  0.15  gm/'sec.  Fli;ure 
2b.  Is  a  plot  of  the  gas  velocity  for  several  flow  rates  for  a  cooatant 
power  setting.  Uncertainty  In  the  reading  was  1.  170  aeters/sec  due  to 
velocity  fluctuations  In  the  flow  of  the  plassta.  Stray  D.C.  effects 
in  the  data,  such  as  plasms  thermsl  gradients,  thermionic  emission 
rate  variations  at  each  probe,  etc.,  are  shown  In  several  terms  of 
cqtiatlon  (8)  and  appear  on  the  ’'base  line"  In  Fig.  2a.  These  effects 
can  lead  to  very  large  errors  unless  they  are  taken  into  account  or 
properly  eliminated.  Isolation  aag>llflers  must  be  used  to  measure  the 
polarisation  voltage  because  of  probable  Interaction  with  the  arc 
power  stq»ply  through  ground  loops.  This  limits  system  response  time. 

The  magnet  had  a  noticeable  Influence  on  the  plasma.  When 
It  was  turned  on  the  plasma  Jet  could  be  seen  to  deflect  at  a  shallow 
angle;  it  would  then  return  to  its  original  direction  when  the  magnet 
was  turned  off.  This  effect  is  not  predicted  according  to  theory  deal¬ 
ing  with  first  order  interaction  effects  but  it  does  obviously  m^lfy 
the  gas  velocity  to  be  measured.  The  same  experimental  procedure  was 
then  followed  except  with  a  weak  A.C.  field  In  order  to  avoid  stray 
D.C,  effects  and  operate  with  weaker  fields. 

A.C.  Induced  Fields 

A  new  coll  was  made  from  #18  magnet  wire.  Fifty-one  turns 
were  wound  on  a  radius  of  8.25  cm.  Equation  (10)  shows  the  reduced 
msgnetic  induction  to  be  5.5  gauss  per  ampere.  Magnet  current  was 
supplied  from  a  coimierclal  high  fidelity  amplifier  accepting  a  select¬ 
ed  frequency  frea  a  signal  generator.  Probe  voltage  fed  an  audio 
Interstage  transformer  with  a  60  K  (1  Isipedance  and  a  3.5  K  O  D.C. 
resistance.  This  transformer  was  used  to  Isolate  the  amplifier  from 
the  probes  to  avoid  ground  loops  through  the  arc  power  supply.  An 
amplifier  tuned  to  2  XC  was  used  for  the  voltage  measurement.  It  has 
a  sensitivity  of  1  microvolt  and  a  gain  of  10*. 

An  x-y  plotter  was  '^-ed  to  record  SMS  polarization  voltage 
versus  BMS  magnet  current.  *ae  data  plot  in  Fig.  3a.  has  curvature 
due  to  the  nonlinear  response  of  the  rectifier  filter  In  the  plotter 
for  the  signal  voltage  used.  Only  the  first  part  of  the  data  from 
this  run  is  shown.  Two  "error"  voltages  are  noted.  One  is  the  soxToth 
curve  which  was  taken  with  no  plasM  being  present.  The  other,  a 
background  signal.  Is  evident  from  Fig.  3b.  The  top  curve  In  this 
figure  is  a  time  sweep  of  output  (note  displaced  zeros  for  each  curve). 
The  level  of  the  background  2  Ktl  signal  field  Is  in  the  order  of  2  to 
5  adlllvolts.  Tile  other  two  cu  ves  reflect  an  attempt  to  determivie 
linearity  of  the  response  of  the  plasms  polarlzstlon  to  the  A.C.  field. 
Linearity  was  tested  by  applying  a  1  KC  awgnetlc  field  to  the  plasma 
and  meafurlng  response  at  2  XC  \2d  harmonic)  and  again  at  666.6  cycles 
when  measured  at  2  XC  (3rd  harmonic).  Changes  In  background  level 
would  be  produced  by  changes  in  stibhamonlc  polarization  fields  if  the 
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rcaponcc  was  itum  llnss;.  Mo  chsnsas  wars  praaant  at  coaparad  to  tha 
noraial  background  drift  aaan  in  Fig.  3b.  It  appaart  that  2  XC  was 
not  the  boat  choica  In  fraqtMiocy  bacauaa  of  an  apparent  fluctuat^x>a 
praecnt  in  this  plaaaa  but  was  raquirad  by  the  liaiitations  of  the 
aaf>lif  ier. 

Upon  xeduclog  the  data  a  background  "error  voltage"  was 
taken  to  be  a  constant  0.003  volts.  Frovision  was  not  nade  to  loonitor 
Its  fluctuations  as  seen  frosi  Fig.  3b.;  therefore  scatter  should 
result  from  this  aource  of  error.  Gas  velocities  were  calculated  and 
plotted  in  Fig.  4a.  Error  signals  proportional  to  the  magnet  currant 
were  estimated  by  a  least  square  fit  to  tbs  equation 

V  -  m  B  >  Oob 

where  m  la  the  proportionality  constant  doe  an  error.  *o  the  true  gas 
velocity,  and  v  the  gas  velocity  indicated  by  adding  in  an  error 
assumed  proportional  to  the  magnet  current.  The  results  of  the  data 
reduction  shooed  the  velocity  to  be  2.160  meters/sec  as  the  gas  veloc¬ 
ity  with  a  root  mean  square  deviation  of  ^  137  matera/sec. 

The  average  gas  velocity  nay  be  estimated  from  mass  flow 
rate  and  electric  power.  The  enthalpy  for  0.19  gms  of  argon  per 
second  heated  at  SOO  watts  is  2.63  X  10*  calories/mole.  For  pressures 
equal  to  or  greater  than  O.Ol  atmospheres  this  enthalpy  would  result 
in  a  stagnation  temperature  of  approximately  S.OOCPe  (lef.  11).  From 
the  relation  1/2  m  0*  •  3/2  kT  a  velocity  of  1750  smters  per  second 
is  calculsted. 


An  alternate  way  of  making  the  sam 


type  of  crude  estimate 

4.  T  A  a  1 _ a. 

XVlbVr  X/A  K  V  A  DUL 


X  is  PVA  when  P  is  density,  A  is  area  and  A  is  flow  rate.  This  gives 


Power  ■  1/2  m  v*, 


For  the  example  cited,  equation  (12)  indicates  a  gas  velocity  of  2,200 
meters/sec.  These  two  results  although  rough,  nicely  bracket  the 
estimates  made  from  both  the  D.C.  and  A.C.  data  except  for  very  low 
free  stream  pressures. 


The  phototube  system  planned  to  measure  gas  velocity  for  an 
independent  coaq>arison  was  found  to  exhibit  the  sane  difficulties  as 
reported  by  Freeman,  and  others  (Bef.  12).  At  best,  their  measure¬ 
ments  Indicate  a  gas  velocity  of  one  to  two  thousand  meters  per  second. 
Freeman  and  co-workers  also  found  that  several  disturbances  such  as 
those  produced  by  teaq>erature  and  total  pressure  fluctuations  may 
propagate  in  a  subsonic  plasma  Jet  at  different  velocities. 

4.  CONCLUSIONS 

Cosqtarison  between  the  velocity  obtained  by  the  D.C.  and  A.C. 
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nsthcds  was  qulws  satisfying  at  shown  in  Figs.  2b,  and-Ua,  The  plasM 
Jet  was  fcmnd  to  exhibit  rapid  fluctuations  in  gas  ▼elocity  as  seen 
in  both  the  D.C.  and  A.C.  data.  Also  magnetic  fields  in  the  order  of 
100  gauss  were  found  to  slightly  disturb  ti»  gas  flow.  For  probes  in 
a  hot  flow  where  a  D.C.  field  is  used  it  was  found  boot  to  alternate 
the  field  between  "on"  and  "off"  to  determine  extraneous  D.C.  effects, 
Vhen  A.C.  measurements  are  employed  a  field  of  the  order  of  5  gauss 
is  all  that  is  necessary  since  background  "error  voltages"  can  be 
easily  eliminated  at  this  level.  It  is  expected  that  flows  other 
than  plasma  Jets  would  exhibit  less  fluctuations  at  the  frequency  of 
the  timed  voltage  amplifier.  The  lowest  saturation  ion  current 
obtained  to  date  was  1.3  ms  while  the  minimum  current  required  by  the 
swasuremsnt  equipment  is  of  order  of  mlcroamps.  From  equation  (9), 
using  1.5)00®  K  for  tungsten  probes,  it  was  found  that  a  few  ndoroamps 
did  not  make  a  msasurable  modification  of  voltage  present, 
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FIG.  lb.  GAS  VELOCITY  PROBES  AND  VOLTAGE  DETECTOR 
SHOWING  CURRENTS 
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PRESSURE  IN  MILLIVOLTS 


FIG  2a.  D.C  VOLTAGE  VS  PRESSURE  INDICATION  IN  MILLIVOLTS 
BOTTOM  TRACE  DC  BACKGROUND 
TOP  TRACE  DC  BACKGROUND -F  DC  POLARIZATION 
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FJG.  3a  POLARIZATION  VOLTAGE  VS.  MAGNET  CURRENT 
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FIG.  4a.  REDUCED  DATA  GAS  VELOCITY  VS.  MAGNET  FIELD 


FIG.  4b.  STATION  FOR  BOUNDARY  LAYER  MEASUREMENT 
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EXPLOSIVES  LABORATORY,  PICATINHY  ARSENAL 
DOVER,  NEW  JERSEY 


Introduction 


The  nltrolysls  of  hexamlne  to  HMX/RDX  has  been  studied  In 
these  laboratories  (1)  and  using  essentially  the  same  conditions  of 
the  Uolston  Ordnance  Works  (HOW)  process  (2) ,  which  In  turn  Is  based 
on  the  Bachmann  method  (3),  similar  yields  of  products  were  obtained. 
By  Including  a  small  quantity  of  paraformaldehyde  (CH20)3j  In  the  re¬ 
action  mixture  (hereafter  called  the  PA  process)  the  yield  of  mixed 
products  was  Increased  by  approximately  107..  A  study  was  carried  out 
In  which  either  hexamlne  or  (CH20)3j  was  tagged  with  carbon-14  and  the 
distribution  of  activity  In  the  cyclic  methylene  nitramlne  products 
was  traced  during  the  course  of  nltrolysls  (4) .  It  was  concluded 
that  in  the  first  reaction  stage,  methylene  groups  from  hexamlne  and 
(CH20)3j  form  a  conmon  pool  for  the  formation  of  DPT  molecules. 
Similarly,  In  the  second  stage  methylene  groups  from  DPT  and  (CH20)x 
also  form  a  common  pool  for  the  formation  of  HMX  and  RDX  molecules. 
Therefore,  the  relative  ratio  of  HMX  to  RDX  Is  not  controlled  by  the 
selective  cleavage  of  a  large  molecule  but  is  more  than  likely  In¬ 
fluenced  by  the  particular  conditions  controlling  the  recombination 
of  a  common  methylene  containing  fragment.  It  was  thus  postulated 
that  the  (CH20)jj  Increases  the  concentration  of  methylene  containing 
fragments  which  exist  in  precursors  to  HMX/RDX.  The  Increase  in  yield 
of  combined  HMX/RDX  products,  resulting  from  the  use  of  (CH20)x,  can 
therefore  be  accounted  for  on  this  basis. 

The  methylene  content  is  not  the  only  criterion  in  controlling 
yield  or  composition  of  product.  It  Is  obvious  that  the  processes 
involving  amino  groups  and  the  formation  of  the  nitramlne  structure 
are  equally  Important  for  understanding  the  chemistry  of  hexamlne 
nltrolysls.  An  Indirect  attempt  was  made  to  ascertain  the  extent  to 
which  the  ammonlxim  nitrate  participates  In  the  formation  of  HMX/RDX 
In  the  PA  process  (4) .  Carbon  atom  equilibration  was  found  Indepen¬ 
dent  of  the  amino -nitrogen  concentration.  On  the  basis  of  this 
observation  It  was  concluded  that  (CH20)j^  does  not  react  Independent¬ 
ly  with  anmonlum  nitrate  to  form  HMX  or  RDX.  In  a  more  direct  manner, 

165 


Preceding  Page  Blank 


CASTORINA  and  A17TIBA 


by  using  aaoaluBi  nltrata  taggad  vith  N-IS  In  tha  amino -nltrogan 
position,  Bachmsnn  (5)  carrlad  out  soma  exploratory  work  to  datarmlna 
tha  rola  plsyad  by  tha  ammonium  radical  In  tha  formation  of  RDX 
(togathar  with  SIX  as  tha  mixior  constltuant) .  The  rasults  obtalnad 
wara  coopllcatad  by  tha  obsarvad  Isotopic  axchaxtga  of  amino- nltrogans 
in  haxamlna  and  ammonium  nltrata.  In  splta  of  tha  coBf>llcs  sns 
Introducad  by  Intarchanga,  It  was  concludad  that  tha  formation  of  RSK 
involvas  mora  Intaractlon  with  aasionlum  nlcrata  (37%)  by  axchanga  or 
Incorporation  or  both,  than  does  tha  fotmauion  of  HMX  (15%). 

Thasa  rasults  damonstratad  tha  possibility  of  also  obtaining 
soms  Information  dlractly  on  the  part Iclpat: ion  of  assaonlum  nitrate  In 
tha  PA  and  HOW  procassas  of  BMX  formation.  Bxparlmants  wara  thare- 
fora  conductad  along  llnas  similar  to  thosa  dascrlbed  In  Rafarenca 
(4)  with  tha  axcaptlon  that  products  wara  assayed  mass  spactromatrl- 
cally  for  n15/n14  ratios. 

Rasults  amd  Discussion 

Since  tha  products  DPT,  KMX  and  RDX  contain  two  types  of 
nitrogen  amthod  for  tha  conversion  of  amino* 

nitrogen  to  N2  for  mass  spectromatrlc  analysis  was  checked  for 
specificity.  Standard  samples  of  HMX  and  RDX  vara  prepared  from 
(CH20)x  snd  ammonium  nitrate  of  known  N-15  atom  percent  as  the  sole 
source  of  amlno*nltrogen.  A  sample  of  the  N^5d4M03/HN03  used  In  this 
study,  was  Included  for  analysis  to  check  the  possibility  of  exchange 
taking  place  between  the  nitrate-nitrogen  and  amino -nitrogen  prior  to 
the  addition  of  reactcuits  in  the  HOW  and  PA  processes.  The  N-IS  atom 
percent  in  all  of  the  compounds  analysed  mass  spectromatrlcally  was 
found  to  be  within  +  0.2%  of  the  value  for  the  NI5H4NO3  reference 
standard.  These  results  clearly  establish  the  lack  of  nltro  and/or 
nitrate-nitrogen  participation  In  the  generation  of  elemental  amlno- 
nltrogen.  Induced  either  during  analysis  or  by  exchange  in  a  nitric 
acid  medium.  Therefore,  It  can  be  concluded  that  any  interchange  of 
nitrogen  atoms  that  may  be  observed  to  take  place  dutlng  the  nltrol- 
ysis  of  haxamlna  with  NH4NO3/HNO3  involves  amlno-nltrogens  only. 

Bachman  (S)  observed  exchange  to  take  place  between  hexa- 
mlne  and  amnonlum  nitrate  In  acetic  acid  solution  and  assumed  that 
exchange  took  place  during  nltrolysls.  The  process  of  exchange  In 
inert  siedla  need  not  necessarily  take  place  In  reaction  mixtures. 
Although  hexamlne  and  formaldehyde  were  found  to  exchange  In  an 
acidic  aqueous  medium  (6),  (CH20)v  does  not  exchange  with  hexamlne 
under  conditions  of  nltrolysls  (A).  Therefore,  to  determine  whether 
the  exchange  reported  by  Bachman  (5)  does  Indeed  cong>llcate  the 
study  of  the  PA  and  HOW  processes  with  N-15,  exchange  was  studied 
under  actual  conditions  of  nltrolysls. 

The  atom  percentages  of  N-15  found  In  the  hexamlne  are 
listed  In  Table  I.  The  average  percent  exchange,  based  on  2.4  atom 
%  N-15  calculated  for  the  coiqplete  equilibration  of  hexamlne  and 
aamonlw  nitrate  amlno-nltrogens,  la  seen  to  be  Independent  of  the 
asKnint  of  (CH20)x  Included  In  the  reaction  mixture.  The  chief 


1^4 


CASTORIMA  and  AUTEBA 

■l^nlflcanc*  of  that*  raaulta  is  that  the  rata  of  exchange  of  amlno- 
nitrogans  la  faster  than  the  rate  of  reaction  during  the  nltrolyals 
of  hexamine  In  the  presence  or  absence  of  (CH20)x.  It  may  be  help¬ 
ful  at  this  point  to  emphaslKe  the  difference  between  "exchange"  and 
"reaction"  processes.  Althout;h  exchange  does  proceed  by  means  of 
reactions,  the  structural  configuration  of  the  Interchanging  species 
remain  unaltered  at  the  steady  state  of  dynamic  equilibrium. 
"Reaction"  on  the  other  hand  proceeds  In  one  direction  only  with  the 
Initial  constituents  transformed  to  different  entitles  at  a  "static" 
state  of  equilibrium. 

Table  I 


Amlno-Nltrogen  Exchange(*)  Between 

Hexamine 

and  NH4N03^’’^ 

In  a  Nltrolyzlng  Medium 

Expt. 

Repl Icate 

Atom  Z  N-15  Found 

Average  Z 

No. 

No. 

In  Hexamlne(c) 

Bxchanael"'' 

1 

1 

0.91 

Without 

2 

0.84 

24 

(CH20)x 

2 

1 

0.87 

2 

0.73 

1 

0.96 

With 

1 

2 

0.92 

(CH20)x 

2 

1 

0.73 

2 

0.72 

(a) All  reactants  added  simultaneously  and  the  mixture 
quenched  with  CCI4  after  2  minutes. 

(b) Added  as  the  nitric  acid  solution  and  containing  7.6  atom  ZN-15. 

(c)  Isolated  as  the  mercuric  chloride  salt. 

(d) Ba8ed  on  2.4  atom  Z  N-IS  calculated  for  lOOZ  exchange. 

The  question  arises  as  to  why  the  amino -nitrogens  and  not  the 
methylene  groups  In  the  hexamine  molecule  exchange  under  conditions 
of  nltrolysls.  Exchange  reactions  are  usually  ionic  and  faster  than 
metathesis  reactions.  Therefore,  conditions  conducive  to  exchange  in 
competition  with  reactions  would  Involve  Interchange  between  ionic 
species.  Since  (CH20)3[  cannot  be  considered  Ionic  In  an  acidic 
medium,  even  though  hexamine  Is,  the  possibility  of  exchange  is  mini¬ 
mized  and  participation  via  reaction  Is  favored  (4) .  By  way  of 
Inference  only,  the  representation  given  below  Indicates  the  chemi¬ 
cally  equivalent  nature  of  the  methylene  groups  that  can  exist  in  a 
nltrolyzlng  medium.  In  an  acidic  siedlum  hexamine  exlsta  as  a 
protonated  ion  with  a  labile  -CH2 — NH^  bond.  In  an  oxidizing  medium 
this  bond  Is  subject  to  attack  together  with  the  bonds  In  the  poly¬ 
meric  chain  of  (CH20)x  as  shown  In  Diagram  1.  In  this  siechanlsm, 
the  implication  is  made  that  the  reaction  Involving  the  fragotantation 
of  (CH20)]t  takes  place  Irreversibly  prior  to  equilibration  and  subse¬ 
quent  reaction  leading  to  intermediate  product  formation.  This  is 
based  on  the  exparlaiental  evidence  given  in  Reference  4.  Hexamine 
was  isolated  free  of  activity,  indicating  that  III  does  not  exist  in 
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ttqulllbrlMB  with  !  but  precesds  dirsctlp  tc  form  Intsxmdiat*  t>ro~ 
ducts.  The  configuration  Ill-may  bo  consldorad  tha  "connwn  pool  of 
mothylana  groups"  to  which  raforonca  was  mada  In  tha  work  with  carbon^ 
U. 


Whara  —  ^ —  S  'CH2- ;  C*  m  and  ®  —  m  -cl^H2- 
Tha  path  of  a^no-nltrogan  axchanga  batwaan  haxaalne  and  sa> 


■onlum  nltrata  must  undoubtadly  Involve  both  spaclas  In  an  Ionic 
imotastabla  state.  Tha  charged  amino  group  of  tha  mates table  spec las » 
H,  can  than  Interchange  with  Its  equivalent  nitric  acid  salt  of 


Whara  — >0—  m  -CR2>;  N*  mm  N-15  enriched;  and 
N  SB  unanrlrhad  N>1S  (l.a..  In  natural  abundance). 

This  lapllaa  chat  an  axchanga  of  amino -nitrogens  takas  placa  before 
mltroiysls  and  even  before  &-<X2''  goes  to  R-CH2'^  •omm  equivalent 
4rravatalbla  substitution,,  In  which  case  tha  rata  of  exchange  Is 
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necessarily  faster  than  the  rata  of  reaction  (&  «  residual  hMeBlna 
aolecule) . 

According  to  the  above  suggested  process  of  aaino-nltrogen 
exchange*  any  DPT  Isolated  fron  the  addition  of  N-15  aseaoniua  nitrate 
during  the  first  stage  of  nltrolysis  should  contain  N-IS  enriehiBent 
corresponding  to  lOOX  exchange.  This,  of  course*  is  based  on  the 
fact  that  all  of  the  amino-nitrogens  in  hexamlne  are  chemically 
equivalent,  having  a  coomon  (CH2)3N  configuration.  The  experimental 
atom-percent  N-IS  values  found  In  the  DPT  are  listed  In  Table  II. 

As  expected*  these  values  are  identical  to  the  2.4  atom  X  N-15  cal¬ 
culated  for  lOOX  exchange  of  hexamlne  and  anaonlum  nitrate -amino 
nitrogens .  Here  again*  exc^  a.ige  Is  shown  to  be  independent  of  the 
(CH20)](  concentration. 

Table  II 


NH^W03^*^  Exchange  In  The  Fonsation  of  DPT 


Atom  X  M-15  Pound 
In  DPT 
2.5 

2.5 _ 

2.4 

2.4 

2.4 

2.5 
2.5 

tlon  and  containing 


Average  X 


Bxpt  Replicate  Atom  X  N-15  Pound  Average  * 

No.  No.  In  DPT _  Bxchanae^**^ 

,  1  2.5 

Without  _ _ 2 _ 2j5 _  102 

(CH20)x  2  ^ 

*^2  2.4 

,  1  2.4 

2  2.4  102 

(CHjO),  -T  i  2^5 

_  2  2.5 

(a) Added  as  the  nitric  acid  solution  and  containing  7.6  atom  7,  N-15 . 

(b) Based  on  2.4  atom  X  N-IS  calculated  for  lOOX  exchange  of 
hexamlne  and  asnonlum  nltrate-amlno  nitrogens. 

The  incompleteness  of  the  exchange  shown  In  Table  I  can,  therefore* 
be  attributed  to  the  mode  of  addition  and  the  tisia  of  contact  of  the 
reactants.  Because  complete  equilibration  of  the  four  anino-nitvggsns 
occurs  prior  to  reaction*  no  conclusion  can  be  drawn  concerning  the 
extent*  if  any*  to  which  the  amDonium  nitrate  directly  participates 
in  the  formation  of  the  DPT. 

To  investigate  the  step-^'^ise  role  of  ammonium  nitrate  in  the 
HOW  process  the  n1-SH4N03/HN03  was  added  during  the  second  stage  of 
nltrolysis  and  the  HKX/RDX  was  analysed  for  N-15  enrichment.  Thus, 
the  formation  of  HKX/RDX  from  DPT  with  any  N-15  enrichment  can  be 
attributed  solely  to  the  participation  of  the  amsvnlum  nitrate  added 
during  the  second  stage  of  nltrolysis.  Assuming  that  all  of  the 
amino-nitrogens*  including  the  ones  with  nitro-sbustitutions,  ex¬ 
change  during  this  second  stage*  the  atom-percent  N-15  calculated 
for  BIX/RDX  is  2.48X.  The  actual  atom-percent  N-15  found  In  HKX  and 
RDK  as  listed  in  Table  Iir.  are  seen  to  be  approximately  half  the  cal¬ 
culated  value*  2.4BX. 

The  amino-nitrogens  in  DPT  contain  two  types  of  substitutions* 
<CH2)3Nand  (Cai2)2-N-N02  where  only  the  former  is,  of  course*  conmon  to 
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haxaalna  and  ahovn  to  axchanga  cooplataly.  Tha  obaarvad  Inconplata 
axohaitta  du^lne  the  second  stage  of  aitfoiysia  My,  tharafora*  ba 
attributed  to  tha  nltroaubatltutad  sBlno-nltrogan  which  falls  to  ax> 
chaaga. 

Tabla  III 

KH4K03^*^  Participation  In  Tha  Fonsatlon  of  HMX/RDX 
In  Tha  Absanca  of  (CH20)a 


Bxpt 

Replicate 

Atom  X  N- 

•IS  Pound 

No. 

Mo. 

HMX 

RDX 

1 

1 

1.3 

1.5 

1 

2 

1.5 

1.5 

9 

1 

1.2 

1.2 

4 

2 

1.2 

1.4 

Avg  X  WHZtNOs  Participation 
HMX(b)  RDX(“) 


0  6 


(a)  7. 6  atom  X  N^5H4N03  addad  as  tha  nitric  acid  solution  during 
tha  second  stage  of  nltrolysls. 

(b) HKX  and  RDX  as  derived  from  NH4NO3  amino-nltrogans  solely 
due  to  reaction. 


Tha  equilibration  of  amlno-nitrogans  due  to  exchange  being 
llnltad  to  the  (CH2)3N  substitutions  in  DPT,  would  follow  the  course 


Hare  again  exchange  proceeds  before  the  methylene  radical  undergoes 
reaction  to  form  stable  products.  Thus  the  DPT  molecule  contains  two 
of  Its  four  amlno-nitrogans  with  N-15  enrichment  prior  to  irreversible 
transformation.  In  the  case  of  (CH2)2N-N02  the  amino-nitrogen  does 
not  nqulllbrate  with  the  aaawnlum  adduct  baaed  on  the  assumption  that 
tha  bond  is  stable  under  tha  prevailing  conditions  of  nltrol- 

ysls. 


Calculations  of  bond  force  constants  based  on  stretching  vibra¬ 
tions  land  substantlati  'S  evidence  to  the  above  suggested  mode  of 
exchange  during  the  second  stage  of  nltrolysls.  The  method  of  cal¬ 
culation  according  to  Gordy  (7)  Is  considered  a  vary  good  approximation 
of  relative  bond  streegths  of  the  type  of  bonds  found  In  DPT.  The 
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valuaa  o£  th«  bo&d  stretchiog  fore*  coascanta  (x  10^  dyntt/cm)  obtained 
for  tha  DPT  nolacula  ara  ahotm  In  Dlagras  4. 


The  aynbol  in  parantheiea  la  the  Induced  charge  or  relative  electro¬ 
negativity  assigned  to  the  atom.  It  can  be  reedlly  seen  that  the 
N-NO2  bond  Is  indeed  the  strongest  type  bond  In  DPT.  Therefore,  It  Is 
reasonable  to  assume  that  this  bond  is  stable  in  e  nltrolyslng  medium 
and  being  strongly  covalent  does  not  undergo  exchange. 

N11^N03  Participation  in  the  HOW  Process 


When  N^5h4N03  is  added  during  the  second  stage  the  N-IS  en¬ 
richment  is,  therefore,  expected  to  be  presen  only  in  the  trlmethyl- 
ene  substituted  amino-nitrogen  prior  to  reectlon.  Because  of  this 
selective  s xchanae  it  was  possible  to  determine  the  role  of  ammonium 
nitrate  during  the  second  stage  as  well  as  the  mode  of  HMX/RDX 
formation  from  DPT.  If  selective  cleavage  of  DPT  were  to  take  place 
in  the  formation  of  products,  O.SO  and  0.66  of  the  amino-nitrogen  in 
HMX  and  RDX,  respectively,  would  contain  N-IS  enrichsaent,  as  indicated 
in  Diagram  5. 


a^6(Rj>x) 


The  ratio  of  atom  Z  N-15  in  HMX/RDX  should  be  O.SO/0.66  or  0.75  if 
the  above  mechanism  were  indeed  the  mode  of  HtJl  and  RDX  formation. 

As  can  be  seen  in  Table  III  the  average  ratio  of  atom  X  N-15  in  HMX/ 
RDX  formed  in  the  absence  of  (CH20)x  is  0.93  or  essentially  unity.  To 
check  these  results,  in  one  series  of  experiments  M^^H4N03  was  added 
during  the  first  stage.  In  another  series,  N^^M4H03  was  added  during 
both  the  first  and  the  second  stages.  In  each  case,  only  the  HMX  and 
RDX  were  analysed  for  atom  X  N~1S  content.  The  results  are  listed  in 
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Table  IV  and  show  an  over -all  average  atom  7.  N>15  of  0.97  in  HNX/RDX 
for  each  respective  series. 

The  following  cone!  s ions  which  can  be  drawn  from  this  ob¬ 
served  N-IS  ratio  give  a  direct  insight  into  modes  of  reaction  that 
may  take  place  duritig  the  second  stage  of  nitrolysis  in  the  absence  of 
(CH20)x' 

a.  DPT  does  not  cleave  selectively  to  form  HMX  and  RDX, 

b.  HMX  and  RDX  are  derived  essentially  from  hexamine  nitxcg^ns  . 

c.  HMX  and  RDX  are  derived  from  equilibrated  -CH2-^J-N02 
fragments,  half  of  which  are  formed  during  the  first  stage  and  the 
other  half  during  the  second  stage. 

d.  A  small  fraction  of  approximately  5^  of  RDX  is  derived 
from  anisonium  nitrate. 


e,  The  rate  of  formation  of  HMX  is  greater  than  that  of  RDX, 
These  conclusions  are  suomarised  by  inference  in  Diagram  6, 


'tn 


/«*C«4.'NH0a 

M3 

.  K  . 

hhx/rdx 


*  ^otcK) 
ft 


I’ 


i 


OH 

-MCV 


(6) 


Where  the  atom  7.  N-15  of  N*”l  >  ^  N*"2  >  N*“3  and  N  «  natural 

abundance.  The  ratio  of  the  H0-CH2-NH-N02/H0-CH2-NH*"2-N02  mixture 
in  II  is  essentially  equal  to  one,  since  the  major  product  Is  DPT. 
Therefore,  there  is  an  equal  distribution  of  N-15  and  N-14  atoms  In 
HMX  and  RDX  derived  therefrom.  However,  after  the  formation  of  II 
the  K*"1H4N03  In  the  emmonium  nitrate-nitric  acid  mixture  is  in 
excess  of  the  hexamine  nitrogens.  This  N-15  asinonium  nitrate,  which 
cannot  exchange  with  the  now  completely  nltro-substituted  hexamine 
nitrogens,  exchanges  instead  with  the  anmonlum  nitrate  in  dltu.  Any 
product  formed  from  the  anmonium  nitrate  amino-nitrogen  would  obvi¬ 
ously  have  a  higher  atom  7.  N-15  than  a  product  formed  from  hexamlne- 
iiitrogen.  The  extent  of  this  increase  Is  proportional  to  the  formatioa 
of  product  from  ammonium  nitrate.  With  these  factors  taken  into  con¬ 
sideration  and  correcting  for  the  incomplete  conversion  of  “CH2-^-N02 
to  products,  calculations  of  the  atom  X  N-l..»  due  to  exchange  alone 
and,  therefore.  Implying  the  Involvement  of  hexaminenltrogens  only 
are  in  excellent  agreement  with  the  values  shown  by  analysis  for  HMX 
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1^  Tabled  III  and  IV.  Tharafora,  tha  extant  of  aaaaonlviie  nttrato 
participation  in  HMX  formation  la  taro  aa  ahown  In  tha  laat  column 
of  Tablaa  III  and  IV.  Tha  atom  X  N-15  found  In  RDX  la  on  tha  avaraga, 
41  5reater  tlian  the  calculated  value  for  exchange  and  la  attributed 
to  atmonium  nitrate  participation.  Calculatlona  of  the  anmonlum 
nitrate  participation  according  to  tha  reaction  path  aa  outlined  In 
Dli^ram  6  ahow  values  correapondlng  to  thia  observed  atom  1  N-IS 
difference . 


The  condensation  of  X  to  products  laay  be  considered  a^  a 
function  of  competing  rates  controlled  by  a  concentration  effect.  It 
Is  conceivable  that  the  rate  of  HO-CK2-NH-NO2  cycllsatlon  la  faster 
for  HhDC  than  for  RDX  formation.  This  la  based  on  the  fact  that  the 
C-N  bond  angles  in  HMX  are  less  strained  than  chose  in  ROX.  As  the 
cyclltaCion  of  the  conaoon  precursor  la  brought  to  conpletlon,  the 
nitric  acid  content  in  the  reaction  mixture  Is  reduced  to  negligible 
proportions.  The  amnonlum  nitrate  and  acetic  anhydride  concentra¬ 
tions  are  concurrently  Increased,  approaching  conditions  similar  to 
those  In  the  Ross  process  (8).  In  that  process,  RDX  Is  formed  vlth 
moc  as  a  contaminant  predominantly  from  the  condensation  of  (CH20)jj 
with  ansonlian  nitrate  by  the  action  of  acetic  anhydride.  Therefore, 
because  of  theee  conditions  prevailing  during  the  latter  stagas  In 
the  HOW  process,  the  residual  formation  of  RDX  Is  favored  from  am¬ 
monium  nitrate  and  the  available  methylene-containing  species 
equivalent  to  fonnaldehyde. 


Table  IV 


Check  Determination  of  NH^N03  Participation  In  The 
Formation  of  HMX /RDX  In  The  Absence  of  (CH20)x 


N^^H4N03^*^  Expt,  Repli-  Atom  X  N-15  Pound  Avr  %  OTIaNO'^  Partictoatlcn 
Addition  No.  cate  No.  HMX  RDX  HMXiP^  RDxCoT 


1  1,8 

1st  ^  2 _ 1^ 

Stage  _  1  1.7 


1.9 

1.7 


0  0 


stag.. _ I _ 2 _ 2.5 _ U. _ !; _ ! _ 

(a) Added  as  tha  nitric  acid  solution  and  containing  6.42  atom  X  N-15. 

(b) HM(/RDX  as  derived  from  NH^^N03  amlno-nltrogans  solely  due  to 
reaction. 


NH4N03Particlpation  in  the  PA  Process 

In  tracing  the  role  of  amaonium  nitrate  In  the  presence  of 
(CH20yf  ^Sh4N03  vas  added  during  the  second  stage  of  nitrolysis. 
Check  determinations  were  made  by  adding  n1'3h^N03  during  the  first 
stage  and  In  another  set  during  both  the  first  and  the  second  stages. 
The  N-15  enrichments  found  in  the  HMX  and  RDX  are  listed  In  Table  V, 
These  values  Imply  that  the  reaction  sequences,  although  complicated 
by  the  Inclusion  of  (CH20),(,  ere  nevertheless  coiq>ereble  to  the  ones 
outlined  above  for  the  HOW  process.  In  major  part,  thla  mechanlam 
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1 s  usad  for  tha  intarpretation  of  tha  N-15  valuaa  obtained  In  tha  PA 
The  dlatributlon  of  N-IS  anrlchnant  In  the  reaction  eequeijcaa 

aacond  ataga  is  shown  In  Diagram  7. 


procass.  The  distribution  of  N-] 
whan  la  added  during  the 


- - 

Aiih 

V 

4- 


i 


hmV^dx 
(May) 


Where  m  amiDonium  nitrate  amino-nitrogen,  #  whexamlne  amlno- 
nltrogen,  m nltro-aubstltutlon  formed  during  Ist  addition,  or 
nltro-substlLutlon  formed  during  2d  addition.  According  to  this 
mechanism  the  calculated  over-all  average  percent  ammonium  nitrate 
participation  shown  in  Table  V  is  8%  for  HMX  and  40%  for  RDX  (see 
experimental  procedure  for  senile  calculation). 


The  suggested  mechanism  must,  of  course,  be  compatible  with  the 
results  obtained  from  the  study  with  carbon-14  (4),  In  that  study, 
the  methylene  groups  from  hexamlne  and  (CH20)3j  were  shown  to  equili¬ 
brate  during  the  second  as  Well  as  during  the  first  stage  of  reaction. 
For  such  an  equilibration  to  take  place  a  metastable  intermediate  of 
the  form  02N-N-(CH20H)2  must  exist  which  then  proceeds  to  form  the 
coimnon  monomer  precursor  to  HMX  and  RDX,  HO-CH2-NH-NO2  as  shown  for 
I  in  Diagram  6.  The  common  pool  of  methylene  groups  may  be  con¬ 
ceived  as  forming  somewhat  as  shown  In  Diagram  8. 


The  DPT  with  N-15,  1,  is  Included  to  demonstrate  the  concurrent 
behavior  of  amlno-nltrogens  and  methylene  groups  and  may  be  looked 
upon  as  a  continuation  of  the  preceding  step  involving  selective 
amlno-nlttogen  exchange  indicated  in  Diagram  6.  It  must  be  empha¬ 
sized  again  the  the  equilibration  of  methylene  groups  following 
amino-nitrogen  exchange  is  due  to  react Iom  and  not  exchange;  and  that 
these  processes  are,  theiefore.  Independent  of  each  other. 


It  is  not  to  be  construed  that  II  In  Diagram  8  actually  exists 
as  such,  but  whet  Is  solely  Intended  Is  to  Illustrate  the  probable 
existence  of  an  Intermediate  specie  which  can  explain  the  experi¬ 
mentally  observed  chemical  equivalence  of  methylene  groups  and  amlno- 
nltrogens.  The  pool  of  amliio-nltrogena  and  methylene  groups  as  is 
Intimated  by  II,  Is  then  thought  of  as  forming  a  common  monomer  pre¬ 
cursor,  III  (Diagram  9),  analogously  to  the  path  Indicated  by  II 
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In  tha  garlaa  of  react  Iona  ahown  tn  Diagram  6. 


- 

TL  - 


f*0  -CJt  . 


■HaO/c^o 


; 


r 


Here  again,  the  participation  of  ammoniua  nitrete  muat  take  place,  In 
thia  cnse  after  the  release  of  the  equilibrated  hexamlne  and  (CH20)x 
methylene  groups  reeultlng  from  the  cyclleatlon  of  111  to  HMX  and  RDX. 
This  conclusion  Is  not  only  supported  by  the  excellent  agreement  be* 
tween  the  observed  atom  7.  N-13  and  the  calculated  values  based  on  the 
proposed  mechanism,  but  also  by  the  results  obtained  In  the  Carbon-14 
tracer  studyi  When  C-14-(CH20)j^  was  added  during  the  second  stage  an 
equal  dlsttibutlon  of  activity  was  observed  in  HMX  and  RDX,  signify¬ 
ing  methylene  carbon  equilibration.  If  any  direct  condensation  of 
ammonium  nitrate  with  (C*H20)y  had  occurred  prior  to  equilibration, 
the  carbon-14  content  of  the  RDX  would  have  been  algnlf  Iciintly  grea¬ 
ter  than  that  of  the  HMX,  since  40X  of  RDX  and  only  SX  of  HMX  Is 
derived  from  onuonlum  nitrate. 

lablft.y 


MH4NO3  Participation  In  The  Formation 
of  HMX/RDX  In  The  Presence  of  (CH20)x 

N^^K4N03^*^  bxpt  Replicate  No.  Atom  X  N-15  Found 
Addition  No.  HMX  RDX 


Second 

Stage 


Avg  X  NH4NO3 
tlpn 

rdxToT 


Ist  and 
2u  Staaes 


(a) Added  as  the  nitric  acid  solution  and  containing  6.42  atom  X 
N-15  in  ’^xpts  1,  2  and  5;  and  7.6  Atom  X  N-15  In  Expts  3  and  4. 

(b) HMX/RDX  t...  derived  from  NH4TIO3  amino -nitrogens  solely  due  to 
reaction. 

The  final  step  In  the  PA  process  involving  the  condensation 
of  methylene  and  aamonlum  fragments  Is  shown  by  calculations,  based  on 
the  experimental  data  to  include  the  formation  of  HMX  together  with 
RDX,  whereas  In  the  HGW  process  only  RDX  was  shown  to  form  (see  last 
column.  Table  V).  The  formation  of  approximately  SX  HMX  as  well  as 
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tbo  Incraatad  production  of  RDX  froa  amaonlun  nitrate  (SX  in  tha  HOW 
procaia  at  cotaparad  to  40X  In  tha  PA  aethod)  nay  ba  axplalnad  on  tha 
ba«l8  of  tha  ralatlvaly  high  concantratlon  of  mathylana  fragnants  ra- 
laaaad  frcfis  II  in  Diagrffi  9.  Only  one  aquivalant  ando-nathylana  group 
la  ralaaaad  in  tha  HOW  procaaa  while  all  of  tha  nathylana  groupa 
equivalent  to  thoaa  added  in  tha  form  of  (CH20)]t  and,  in  addition,  tha 
equivalent  andomathyl  group  ralaaaad  in  tha  PA  proceaa.  Aa  the 
concentration  of  aqullibratad  aMthylana  groupa  Incraaaaa,  their  con- 
danaation  with  aanonlun  nitrate  la  driven  to  the  right.  Tha  increaaad 
HMX  yield  aa  wall  aa  tha  increaaad  ovar-all  lOOC/RDX  yield  of  tha  PA 
procaaa  nay  ba  attributad  in  part  to  tha  final  atap  of  thla  poatulatad 
BiachanlaB. 

Tha  relative  rataa  of  product  fonaatlon  mentioned  above  for  the 
HOW  procaaa  avidentally  prevail  alao  in  tha  PA  procaaa.  Tha  atom  X 
N-15  in  HMX  la  algnif icantly  laaa  than  that  of  RDX,  Indicating  prafar* 
antial  HMX  formation  from  haxanina  nitrogana  aa  compared  to  the  more 
pronounced  formation  of  RDX  from  amaonlum  nitrate,  Corraapondlngly, 
tha  ratio  of  atom  X  N'lS  in  HMX/RDX  la  dactcaaad  from  0.96  in  the  HOW 
procaaa  to  0.56  in  tha  PA  proceaa.  Both  valuaa  daviate  appreciably 
from  tha  0.75  figure  Aaaociatad  with  the  aalactiva  claavaga  of  the  IFI 
oolacule  to  discount  tha  poeelbillty  of  such  a  machaniam  taking  placa 
In  aithar  procaaa  for  HMX/RDX  production. 

Concluaiona 

Tha  concluaiona  drawn  from  tha  data  obtained  in  thi  earlier  work 
with  carbon-14  are  aubatantlatad  by  thaaa  tracer  atudiaa  with  nltro- 
gan-15.  In  addition,  a  more  couplata  undaratanding  of  the  chemlatry 
of  amino  groupa  and  the  proceaaea  Involved  in  the  formation  of  the 
nttrasiino  atructura  has  bean  obtained  through  tha  use  of  nltrogan-15. 

With  Carbon-14  indirect  evidence  had  indicated  that  ammoniuni 
nitrate  doaa  not  condanaa  directly  with  (CH20)x  to  yield  IDOC  and  RDX. 
With  nitrogan-15  this  waa  aho%m  directly  to  be  the  case. 

Tha  equilibration  of  methylene  groupa  waa  found  to  be  indepen¬ 
dent  of  asmonlira  nitrate  concentration;  and  with  nitrogen-15  tracing 
the  equilibration  of  amino-nitrogene  waa  ahovn  to  be  independent  of 
the  (Ql20}x  concentration.  The  two  proceaaea  are  mutuall"  independent 
of  each  other  bacauae  their  respective  aiodea  of  equilibrai-ion  are 
different.  The  equilibration  of  amino-nltrogana  being  Ionic  in 
character  takas  place  by  meana  of  exchange  and,  therefore,  prcizedea 
the  equilibration  of  oiethylene  groups,  which  la  attributed  solely  to 
a  raactlon  process. 

It  waa  concludad  in  tha  prevloua  study  with  carbon'14  that  hexa- 
mina  and  DPT  degrade  non-aelactively  to  low  molecular  weight  epccies 
which  then  recoedtlne  to  form  products.  The  existence  of  a  selective 
cleavage  mechanism  has  baci.  discounted  by  data  obtained  with  nitrogan- 
15  and  with  carbon-14.  The  conmla xantary  nature  of  the  data  obtained 
from  the  two  atudiaa  aiakes  possible  the  narrowing  down  of  the  common 
fragmentary  precursor  to  HMX  and  RDX  aa  being  of  tha  type,  HOCH2NHNO2. 

In  tha  aarlier  work  it  was  postulated  that  (CH20)x  incraaaaa  tha 
concentration  of  mathylana  groupa  which  axiat  in  pracursora  to  HMX 
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and  RDX.  It  waa  auggaatad  that  tha  Incraaaa  In  ylald  of  coaiblnad  HMX 
and  RDX  producta  raaulta  fron  Inclualon  of  (CH20),(  could  ba  accountad 
for  on  thla  baaia.  With  nltrogan-lS  it  bacaaM  poaalbla  to  Indlcata 
how  thia  actually  can  taka  placa,  via.,  by  tha  condanaatlon  of  tha 
Incraaaad  concentration  of  aqutllbratad  nathylana  fragaMnta  with  tha 
ananonlua  radical.  Tha  extent  of  thla  participation  with  amoniua 
nitrate  la  approximately  7X  for  tha  formation  of  IMX  and  40X  for  RDX, 
which  ia  indeed  equivalent  to  tha  10%  ovar-all  incraaaa  in  ntX/RDX 
yialda  obaarvad  whan  (CH20)j^  la  included  in  tha  reaction  mixture. 

The  evidence  given  for  tha  axlatenca  of  a  consion  pracuraor  to 
HHX/RDX  of  the  type  HOCH2NHNO2' Juatlf lea  any  effort  to  prepare  HHX 
from  monomethylana  containing  coogtounde.  A  more  direct  approach  to 
tha  formation  of  HMX  free  of  RDX  contamination  e  aiaple  reaction 
medium  would  greatly  reduce  tha  current  coat  cJ  . .oduction. 

Bxparlmental  Procedure 

The  nitrolyaea  react  Iona  and  the  iaolation  and  purification  of 
producta  (DPT,  HMX  and  RDX)  wore  carried  out  aa  deacrlbed  in  RefaranoM 
(4)  and  (6),  with  tha  exception  of  uaing  N^3H4H03  in  place  of  tha 
normal  NH4NO3  wherever  indicated  in  thia  report. 

Hexamine  Exchange  Study 

The  exchange  between  hexamine  and  N^^H4N03.  in  the  abaence  a^ 
well  aa  in  the  preaence  of  (CH20),(  waa  atudied  under  actual  condi- 
tiona  of  nitrolyala  in  the  manner  deacrlbed  in  Reference  (4).  During 
the  two-minute  period  of  intermixing  of  reactenta  the  temperature  waa 
permitted  to  rlae  to  44*C. 

Preparation  of  HMX  and  RDX  Standarda  for  H-15  Maaa  Spec troma trie 

Analyaea 

To  a  150  ml  three-neck,  round-bottom  flaek  are  added  11.43  g  of 
amnonlum  nitrate  (of  known  atom  %  N-IS)  and  6.43  g  of  (CH20)jt  dia- 
aolved  in  25  ml  of  glacial  acetic  acid.  The  mixture  la  heated  on  a 
water  bath  to  effect  diaaolution.  With  the  aolution  at  40*C,  50.4  ml 
of  acetic  anhydride  are  added  during  a  30-minute  period.  Following 
thia  addition,  the  mixture  ia  aged  at  4S*C  for  one  hour;  the  tempera¬ 
ture  ia  then  raiaed  to  7S*C  for  an  additional  30-minute  aging.  Then 
the  mixture  la  refluxed  with  17  ml  of  water  for  30  minutea.  Finally 
150  g  of  ice  are  added  and  the  HMX  and  RDX  aeparated  in  the  jaual 
manner , 

Maaa  Spectrometrlc  Analyaio  of  Amino -H it romen  N-15  Enrichment 

All  aaaplea  were  analysed  by  the  laoeiet  Corporation,  Paliaadee 
Park,  New  Jersey,  under  aervice  contract.  The  apeclficity  of  their 
method  for  amino-nitrogen  waa  checked  by  the  preparation  of  HMX  and 
RDX  atandards  of  known  amino-nitrogen  N-15  enrlcbmnta. 

Sample  calculation  of  atom  X  N-15  in  HMX  and  RDX  when  m1594N03  ia 
added  durina  the  Second  Stage 

The  quantities  of  N-IS  and  n14  in  hexamine  and  aaaonium  nitrate 
due  to  natural  occurrence,  vis.,  0.36%,  at  and  of  First  Stage  are: 
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■  0.0072-“ 
Th_ 

N-i5 


*»  "  0.00277  g,  ■  2.018  g,  aN-1A  ..  0.7698, 

>n4|tffl  (Ka  fiA^4St%/4  C^^*#**  Vtm%m4m,r,  *>  4^  ^ 

- - #  aV  AVWUi  f» 

contains:  1.154  x  .076  ■  0.087/  g  N-15.  Correcting  for  the  am¬ 


ount  of  amoonlum  nitrate  equivalent  to  the  trlmethylene  aubatltuted 
amino-nitrogen  in  DPT  (.634)  and  for  the  incomplete  conversion  to 
final  nitraminc  products  (.65);  l.e.,  0.85  x  0.634  -  0.539. 

The  atom  X  N-15  at  the  end  of  the  second  a^ltion  is  given  by: 

.5(. 00726)  +  .00277 


0,36  X  -t 


t 


5(2.018  +  ,769 


61X 

l.e., 


then  m  1,3 


100  ■  2-25%  ■ 


atom  X  N-15  in  HMX/RDX 


[^5(CH2-N-N02)  -  0.18X]  +  Qs  (-CH2-^-N02)  1.3X 


1st  Stage  Formation 


2d  Stage  Formation 

After  the  addition  of  the  stoichiometric  quantity,  the  aimionium 
nitrate  and  the  equivalent  hexanlne  nitrogen  contain  2.25  atom  X 
N-IS  and  the  excess  asmonlum  nitrate  contains  the  initial  7.6  atom 
X  N-15.  The  interchange  of  these  two  ammonluni  nitrates  yields  an 
equilibrated  specie  with  an  atom  X  N-15  proportional  to  their  re¬ 
spective  mole  fractions,  l.e. 

.055  +  .539  (.032)1 


2.25  X 


f 


.055  +  .082 


7  60  C-OB^Il, 

J  *^Q55  ^  Qg2j 


3.77. 


Therefore  any  product  formed  from  anmonium  nitrate  contains  3.7  atom 
7.  N-15  in  combination  with  product  formed  from  hexamlne  with  1.3  atom 
X  N-15«-  The  relative  amounts  are  obviously  governed  by  the  atom  X 
N-IS  found  in  the  particular  product. 

For  the  RDX  formed  in  the  absence  of  (CH20)x,  the  percentages 
of  RDX  derived  from  the  respective  amino -nitrogens  are  given  by: 

1.3  X  +  3.7  (1-x)  ■  1.5;  x  -  0.92;  l.e.,  87,  RDX  derived  from  NH^NOj 
amino-nitrogen,  92X  RDX  derived  from  hexamlne  amino  nitrogen, 


The  HMX  formed  in  the  absence  of  (CTH^O)  is  solely  derived  from 
hexamlne  nitrogen  since  the  atom  7.  N-15  founo  in  ID1X  is  equal  to  the 
calculated  value,  1.3X. 

The  RDX 'a  formed  in  Che  presence  of  (CH20)](  are:  1.3  x  +  3.7(l-9c) 
■  2,5;  X  ■  0.50;  l.e.  SOX  RDX  derived  from  NH^N03  amino-nitrogen, 

SOX  RDX  derived  from  hexamlne  oniino -nitrogen. 


The  HMX  derived  from  NH^NO^  in  the  presence  of  (CH20)](  is  given 
by:  l.Sx-bB.?  (1-x)  ■  1,4;  x  -  0.96;  l.e.,  96X  HMX  derived  from 
hexamlne  amino-nitrogen,  4X  HHX  derived  from  NH4NO3  amino-nitrogen. 
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RE-ENTRY  VEHICLE  FO?  RADAR  SELECTIVITY  EVALUATIONS 


R.  M.  COLTON  and  E.  B.  DOBBINS 
U.  S.  ARMY  MATERIALS  RESEARCH  AGENCY 
WATERTOWN,  MASSACHUSETTS  02172 


INTRODUCTION 

The  materials  and  fabrication  studies  conducted  in  this 
program  were  directly  concerned  with  the  development  of  re-entry  vehi¬ 
cles  which  would  simulate  objects  re-entering  the  atmosphere.  These 
objects  could  be  ’’heat  sink"  or  "ablative"  type  nose  cones,  spent 
metallic  or  nonmetallic  missile  tar.kage,  or  various  types  of  spacecraft 
structural  members.  The  identification  of  the  re-entering  object  and 
its  position  in  space  is  quite  important  in  determining  whether  it  is 
an  actual  warhead- bearing  missile  or  just  innocuous  "space  garbage." 

Two  types  of  materials  were  selected  for  the  test  vehicles,  a 
refractory  metal  (Mo-TZM,  molybdenum  alloy)  which  produces  a  metallic 
ionization  pattern  upon  re-entry  and  represents  the  heat  sink  type 
metallic  material,  and  a  nonmetal  {phenolic- impregnated  fiberglass) 
representing  the  ablative  type  material,  which  produces  an  ionization 
pattern  possessing  characceristics  different  from  the  type  observed 
with  metallic  type  materials  These  two  materials  would  thus  he  repre¬ 
sentative  of  most  man-made  objects  which  conceivably  could  be 
re-entering  the  atmosphere. 

Several  fabrication  cechniques  were  evaluated  and  developed  in 
this  study,  including  shear  spinning,  tape  wrapping,  plasma  arc  spray¬ 
ing  and  welding.  The  basic  configuration  of  the  vehicles  fabricated 
using  these  techniques  are  shown  in  Figures  1  and  2.  The  dimensions 
shown  in  these  figures  correspond  to  the  full-scale  vehicles  now  being 
fabricated.  The  subscale  vehicles  evaluated  in  this  study  were  approx¬ 
imately  l/4-scale  model  reproductions  of  these  configurations. 

In  the  re-entry  vehicle  material  identification  study,  the 
test  vehicles  will  be  lifted  to  maximum  altitude  via  a  3-stage  system 
and  upon  descent,  accelerated  by  a  4th  stage  motor  to  reach  a  re-entry 
velocity  of  25,000  ft/sec.  It  is  assumed  that  actual  atmospheric  re¬ 
entry  commences  st  300,000  feet  and  that  material  identification  by 
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radar  and  all  telemetry  meaaurementa  are  completed  at  an  altitude  of 
100,000  feet,  corresponding  to  an  elapsed  time  of  approximately  11  to 
40  seconds,  depending  upon  the  load  characteristics  of  the  particular 
re-entry  vehicle..  During  this  brief  period  of  time  euoh  meBBureinentn 
as  vehicle  pitch,  yaw  and  deceleration,  radar  cross-section,  and 
ionization  pattern  will  be  taken  for  subsequent  analysis.  ^  In  the 
elapsed  time  period  of  11  to  40  seconds,  the  temperature  of  the  hemi¬ 
spherical  portion  of  the  metallic  (Mo-T3l}  vehicle,  as  shown  in 
Figure  1,  rises  from  about  300  F  to  almost  4000  F.  This  4000  F  mark 
is  well  above  the  charring  point  of  the  ablative  (phenolic-fiberglass) 
material,  and  only  about  700  F  below  the  melting  point  of  the  metallic 
(Mo-TZM)  material.  However,  the  mechanical  properties  of  the  Mo-TZM 
degenerate  rapidly  between  3500  F  and  4000  F  and  its  structural  use¬ 
fulness  is  practically  nonexistent  at  the  latter  temperature.  The 
ablative  material,  in  contrast,  would  still  be  functional  at  4000  F. 

However,  once  the  vehicles  have  passed  the  100,000-foot 
altitude  level,  no  further  tracking  or  measurements  are  to  be  made  and 
’’burnup”  of  the  vehicles  is  anticipated  in  the  atmosphere,  thus  termi¬ 
nating  their  useful  life. 

GENERAL  CONSIDERATIONS  IN  RE-ENTRY  VEHICLE  DESIGN 


Two  of  the  most  important  aspects  in  the  design  of  these  re¬ 
entry  vehicles  are  the  selection  of  materials  and  fabrication  tech¬ 
niques.  Both  these  selections  are  dependent  upon  the  re-entry  forces 
and  re-entry  heating  conditions.  Upon  re-entry  into  the  earth's  at¬ 
mosphere  the  vehicles  will  be  traveling  at  velocities  of  20,000  to 
30,000  feet  per  second,  and  during  the  entire  re-entry  they  are  subject 
to  stresses  induced  by  drag,  aerodynamic,  and  centrifugal  forces.  At 
altitudes  below  150,000  feet  the  vehicles  are  subject  to  aerodynamic 
heating  of  the  akin  to  ultimate  temperatures  in  excess  of  5000  F. 


Re-Entry  Forces 

The  actual  transverse  forces  ttiat  will  be  acting  on  the  vehi¬ 
cles  are  represented  in  the  following  expression: 


N  *  (6  ♦  i/»)  -  W  cos  ^  •  0 

e 


(1) 


where 


N  ■  aerodynamic  lifting  forces 
W  •  instantaneous  vehicle  weight  in  pounds 
g  ■  gravitational  acceleration 
V  -  velocity  -  ft/sec 

■  angle  between  local  horizon  and  horizon  at  launch 
6  ■  angle  measured  between  vehicle  axis  and  local 
horizon 

i  -  di^  6  •  ^ 
dt  dt 


180 


COLTON  and  DOBBINS 


Simultaneously,  the  longitudinal  forces  acting  on  the  vehicle  are 
represented  in  the  following  expression: 

C  -  1  sin  6  •  0  (2) 

6  \dt/ 

where  t  •  time  in  seconds 

C  •  aerodynamic  drag  force  in  potinds 

An  adaitional  analysis  of  the  longitudinal  force  Equation  2  reveals 
the  importance  of  another  parameter,  the  ballistic  coefficient  (W/CpA), 
which  essentially  is  a  measurement  of  the  efficiency  of  the  re-entry 
vehicle  system  based  on  its  weight,  shape,  and  drag  coefficient.  This 
parameter  is  de;‘ived  by  substituting  Equation  3  for  C  in  Equation  2, 
resulting  in  Equation  4. 


C  •  Cp  ^  AV* 


(3) 


and,  if  C»W  sin  6  (at  very  high  velocities  and  medium  altitudes) 


WdV\._C  .  .pVV2 

g  \Jl}  W 


Cp  •  coefficient  of  drag 
A  •  aerodynsimic  area  of  vehicle 
p  •  atmospheric  density 

The  transverse  and  longitudinal  force  equations  sumnarize  the 
principal  forces  acting  upoxi  the  vehicle.  Some  of  the  force  factors 
in  these  equations  are  elimi.iated  or  modified  because  of  various  re¬ 
entry  conditions  and  vehicle  design.  However,  under  most  conditions, 
the  vehicle  is  subjected  to  the  large  variety  of  high  magnitude  force 
vectors  symbolized  above. 


Re-Entry  Heating 

The  vehicle  must  not  only  serve  as  a  structural  member  capable 
of  withstand! n/.'  ihe  forces  mentioned  above,  but  must  also  act  as  a 
thermal  barri^ic  #hich  insulates  sensitive  recording,  telemetry, 
measurt^raents  .-iquiproent.  The  equipment  would  be  rendered  inoperative  if 
not  protected  from  the  vast  heat  source  surrounding  the  vehicle.  This 
thermal,  cfcrrier  is  provided  by  means  of  the  vehicle  skin. 

Tile  skin  material  is  composed  of  one  of  two  types  of  heat  pro¬ 
tection  systems:  (l)  heat  capacitance  cooling,  and  (2)  ablative  cooling. 

The  heat  capacitance  or  "heat  sink"  system  utilizes  the 
properties  of  a  material,  usually  a  metal,  which  allows  it  to  absorb  the 
heat  generated  during  re  entry  without  ingjairing  its  properties  below 
usable  levels.  The  efficiency  of  such  a  system  depends  mainly  upon  the 
thermal  diffusivity  of  the  material. 


a  •  Vp.c 


(6) 
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where  a  •  thenoal  diffueivity  -  ItViir 

K  ■  thermal  conductiTity  of  material 
c  ■  specific  heat  of  the  material 
•  density  of  material 

Materials  haTing  low  diffusivity,  such  as  glass  (a  •  0. 01&)  or  steel 
(a  ■  0.6),  must  have  sufficient  mass  to  allow  for  greater  heat  absorp¬ 
tion.  However,  a  point  of  diminishing  return  is  experienced  in  adding 
mass,  since  a  condition  is  uoon  reached  where  additional  increases  in 
mass  have  little  effect  on  reducing  the  ekin  surface  temperatures. 

Even  with  materials  with  high  diffusivity,  such  as  aluminum  (a  S.s) 
or  silver  (a  -  5.8),  this  point  of  diminishing  return  is  reached  at 
skin  thicknesses  of  1  or  2  inches.  A  second  important  factor  is  the 
melting  point  of  the  material  and  the  temperature  at  which  its  mech¬ 
anical  properties  are  no  longer  suitable  to  the  re-entry  conditions  of 
force.  Consequently,  the  choice  of  heat  sink  materials  is  quite  de¬ 
pendent  upon  their  diffusivity  and  melting  point. 

The  ablative  cooling  system  operates  on  an  altogether  differ¬ 
ent  heat  dissipation  phenomena  than  the  capacitance  cooling  system. 
Capacitive  cooling  is  usually  not  efficient  in  coping  with  the  ex¬ 
tremely  high  heat  fluxes  associated  with  re-entry.  Ablative  cooling 
can  be  made  to  operate  at  a  relatively  low  surface  skin  tenperature, 
thus  reducing  the  cooling  problem  in  the  interior  of  the  vehicle.  The 
ablative  process  is  not  heating-rate  limited  and  can  dispose  of  a 
largo  amount  of  heat  for  a  small  amount  of  material  loss.  There  are 
basically  two  types  of  ablative  systems:  (l)  charring  oxidation 
system  illustrated  by  the  phenolic- impregnated  glass  fiber  type 
studied  in  this  program,  and  (2)  melting  and  vaporization  systems  il¬ 
lustrated  by  a  material  such  as  quartz.  The  former  system  is 
characterized  by  three  physical  layers:  (l)  top  gas  layer  (above 
skin);  (2)  middle  char  layer  (part  of  skin);  and  (3)  base  unaffected 
(part  of  skin).  The  heat  is  disposed  of  by  radiation,  convective 
transport,  and  pyrolysis. 

The  ideal  heat-resistant  material  is  capable  of  radiating  at  high 
surface  tenperatures  and  has  a  long  characteristic  conduction  time,  so 
that  heat  penetrates  through  the  material  very  slowly.  These  charac¬ 
teristics  are  typified  mostly  in  ablative- type  materials. 

In  contrast,  high  temperature  metallic  materials  (heat-sink) 
usually  encourage  conduction  of  heat  to  the  cool  structure  and  intro¬ 
duce  an  Insulation  problem. 

MATERIALS  SELECTION 

Density  is  an  ioqportant  consideration  in  the  selection  of  the 
re-entry  vehicle  materials,  both  metallio  and  nonmetallic,  since  the 
flying  weight  of  the  test  vehicle  can  not  exceed  a  specified  amount. 
This  limitation  is  essential  to  allow  for  the  weight  of  the  telemetry 
equipment  and  instrumentation  carried  within  the  body  of  the  vehicle. 
Consequently,  strength/ density  ratio  values  of  the  candidate  materials 
at  the  re-entry  temperatures  ere  equally  as  in^ortant  as  their 
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ablative  or  heat  sink  characteristics.  Oxidation  resistance  is  a 
factor  which  assutnes  importance  as  the  vehicle  encounters  in¬ 

creases  in  atmospheric  oxygen  content  in  its  descent  from  300,000  to 
160,000  feet. 

yetallic  yphicle  System 

The  molybdenum  alloy  Mo-T3f  was  selected  for  the  hemispherical 
portion  of  the  metallic  vehicle,  as  shown  in  Figure  1,  because  of  its 
superior  mechanical  and  physical  property  levels  at  tlie  temperatures 
experienced  during  re-entry.  Table  I  liste  its  mechanical  properties 
at  various  temperatures, 

TABLE  I 

Mechanical  Properties  of  0.060-Inch-Thick  Mo-TSi  Sheet 
(0.54  Ti,  0.08^  Zr,  0.0304  C) 
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Its  relatively  high  diffusivity  (a  •  2.5)  and  high  melting 
temperature  (4730  F)  were  also  in?)ortant  factors  in  its  choice  for  the 
hemispherical  portion.  Tiie  combinations  of  properties  cited  above 
produced  the  lightest  weight  vehicular  structure  of  the  heat  sink  typo 
of  all  metallic  materials  considered  with  the  possible  exception  of 
beryllium.  However,  beryllium  was  not  selected  at  this  time  as  it 
could  not  be  fabricated  into  the  required  configuration  in  the  specified 
time  frame. 

Inconel  "X"  was  chosen  for  the  frustum  portion  of  the  Mo-TZM 
tipped  vehicle,  shown  in  Figure  2,  because  of  its  superior  performance 
characteristics  at  the  temperatures  and  stresses  encountered  during  re¬ 
entry,  its  good  fabricability  into  the  shape  desired,  and  its  accessi¬ 
bility.  Its  mechanical  properties  at  various  temperaturss  are  shown 
in  Table  II. 
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TABLE  II 

Mechanical  Properties  of  0.050- Inch-Thick  Inconel  "X” 
Sheet  ilaterinl,  Annealed  and  Aged 
(73*  Ni,  15*  Cr,  7.7*  Fa,  2.5*  Ti,  0.99(  A1,  1.7*  Cb) 
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Ablative  Vehicle  System 

A  phenolic- impregnated  fiberglass  was  selected  for  the  skin 
material  of  the  ablative  vehicle  shown  in  Figure  2,  because  of  its 
acceptable  performance  characteristics  as  observed  during  previous  re¬ 
entry  and  ablative  charring  studies,  its  ease  of  fabrication  and  ready 
acceasibility.  The  specific  phenolic-fiberglass  combination  chosen 
was  the  type  128,  111  finish,  fiberglass  cloth  impregnated  with  pheno¬ 
lic  resin  type  Conlon  506.  The  phenolic  resin  was  composed  of  36.4* 
solids  and  7.6*  volatiles,  and  exhibited  18*  flow.  The  mechanical 
properties  of  the  materials  are  shown  in  Table  III, 

TABLE  III 


Mechanical  Properties  of  Phenolic-Fiberglass  Composites 
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The  substrate  for  the  phenolic- fiberglass  vehicle  was  compcsod. 
of  a  shear  spun  5052  aluminum  alloy  cone.  This  material  was  chosen  for 
its  low  density,  good  fabricability,  and  ready  aocesaibility.  Its  heat 
diaelpation  properties  were  secondary,  since  the  bulk  of  the  dissipa¬ 
tion  was  accomplished  by  the  ablating  akin  material.  The  mechanical 
iroperties  ol  this  material  uaed  are  shown  in  Table  IV, 

TABLE  IV 

Mechanical  Properties  of  0.50-Inch-Thick  5052  Aluminum  Alloy 

Sheet,  H-38  Condition 
(2.5*  -  0.25*  Cr) 
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PROCEDURE  AND  RESULTS 

Studiee  were  initiated  to  detemlne  the  proper  fabrication 
techniquea  compatible  with  each  of  the  vehicle  deeigne  (Figures  1  end 
2)  and  the  materiale  aelected. 

This  ie  an  important  consideration  since  the  re-entry  vehicle 
material  per  ee  must  not  only  be  capable  of  withstanding  the  devastating 
force  attack  encountered  during  re-entry,  but  muat  be  capable  of  being 
formed  into  the  di'sired  shapes  without  degradation  of  its  basic  mechani¬ 
cal  and  physical  properties,  as  is  often  experienced  durir^  fabrication. 
Consequently,  the  material  may  be  suitable  originally,  but  may  lose  this 
suitability  when  processed  into  the  usable  configuration. 

In  order  to  eliminate  such  an  occurrence,  all  the  techniques 
listed  below  were  evaluated. 
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It  was  necessary  to  evaluate  three  different  techniques  to 
insure  that  at  least  one  method  would  be  euitabie  for  fabricating  the 
metallic  hemisphere.  The  ultimate  selection  was  the  shear  spinning 
technique.  The  metallic  frustum  involved  the  evaluation  of  two  tech¬ 
niques,  both  of  which  were  ultimately  used  in  combination.  The  frustum 
was  rolled  into  the  required  siiape  using  sheet  material,  longitudinally 
welded,  and  finally  shear  spun  to  size.  The  fairing  section  required 
the  evaluation  of  only  one  technique,  shear  spinning. 

The  evaluation  of  only  one  technique  was  deemed  necessary  for 
fabricating  the  ablative  vehicle  substrate  and  skin  sections. 

Shear  Spinning  of  Mo-TZM,  Inconel  "X”  and  5052  Al 

All  materials  were  shear  formed  using  shear  spinning  equip¬ 
ment  of  42.5"  diametrical  capacity. 

The  shear  spinning  of  the  Mo-TZM,  Inconel  "X"  and  5052  Al 
required  markedly  different  reductir'-  ratios,  number  of  passes  to  ob¬ 
tain  the  desired  reductions,  inten  ..iate  anneal  cycles,  roller  set¬ 
tings,  and  angles  and  temperatures  at  which  shearing  took  place. 
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However,  all  of  the  materials  studied  were  subject  to  deforma¬ 
tion  in  accordance  with  what  is  referred  to  as  Sine  Law  of  shear  spin¬ 
ning.  The  basic  theoretical  relationship  between  the  starting  blank 
thickness  and  finished  part  thickness  is  expressed  in  the  trigonometric 
fonsula; 


sin  a 


(6) 


where  a  -  development  angle 

Tf«  finished  wall  thickness 
T^*  starting  blank  thickness 

From  this  equation  it  is  obsex*ved  that  as  angle  a  decreases,  the  re¬ 
duction  ratio  of  wall  thickness  of  blank  to  wall  thickness  of  the 
finished  part  increases  rspidly.  A  complex  situation  arises  if  the 
shape  produced  from  a  flat  blank  is  hemispherical,  having  a  variable 
wall  thickneso  along  its  hemispherical  curvature.  This  is  the  type  of 
situation  which  was  prevalent  in  the  case  of  the  lio-T29l  and  bObS  Al 
hemisphere  portions  shown  in  Figuroi-  1  and  2.  The  Inconel  "X"  frustum 
section  shown  in  Figure  1  corresponds  to  a  less  complicated  situation, 
having  a  constant  development  angle  and  constant  wall  thickness. 


The  Mo-TZU  was  formed  into  a  l/i-size  scale  model  of  the  hemi¬ 
spherical  configuration  shown  in  Figure  1,  at  a  temperature  of  700®F. 
The  starting  blank  was  0.100  inch  in  thickness  and  wai  reduced  to 
thicknesses  between  0.089  and  0.026  inch  depending  upon  the  location 
on  the  hemisphere.  The  heaviest  section  was  located  at  the  utiagnation 
point  shown  in  Figure  1.  The  b0b2  aluminum  ablative  substrate  hemi¬ 
sphere  was  formed  into  a  similar  shape,  as  shown  in  Figure  2,  at  room 
temperature.  However,  in  this  case  a  starting  blank  of  0.0C3-inch 
thickness  was  reduced  to  thicknesses  between  O.ObO  and  0.036  inch  as 
shown  in  Figure  2.  The  Inconel  **X"  metallic  frustum  was  formed  to 
0.026- inch  thickness  at  room  teng^erature  from  a  rolled  and  welded 
preform  of  0.050-inch  thickness  with  a  resultant  reduction  in  wall 
thickness  of  about  40%,  The  Inconel  ”X"  metallic  fairii^  was  fermad 
to  0.026-inch  thickness  at  room  temperature  from  a  flat,  washer-shaped 
disk  preform  of  0.050-inoh  thickness,  also  with  a  reduction  of 
approximately  40%. 


Tensile  test  specimens  were  cut  from  the  rear  portions  of  the 
shear  spun  lio-TZIl  and  Inconel  "X"  test  vehicle  sections  and  the  results 
are  shown  in  Table  V,  All  teste  were  conducted  at  1200°F. 

Wrapping,  Machining,  and  Inspection  Techniques  for 
Phenol ic~Impregnnted  Fiberglass  Composite 

The  1/4-scale  model  of  the  re-entry  vehicle  shown  in  Figure  2, 
including  hemisphere,  frustum,  and  fairing,  was  wrapied  using  1-and 
2-inch-wide  type  120  fiberglass  tape  having  a  111  finish  and  impregnated 
with  Conlon  b06  phenolic  resin. 
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TABU  V 

Msohanical  Pr^rtisa  of  Sh««r  Spun  Inooou  *Z”  *nd  lfo-T2M  Ailo  *• 


SmcImi 

Ma«Ufloatloa 

IklehMaa 

(laehM) 

Y1«1A  Str*B4lA 
«l  S.K 
(kail 

T*aall*  SiMagtk 

(k«i) 

WX-Tl* 

O.ttt 

IST.T 

ISS.I 

IMX-Ta* 

O.OS* 

lOi.S 

1S3.1 

ras-u** 

0.K7 

tS.T 

S7.S 

rai-u»* 

a.ess 

n.t 

•3.7 

TZS-Tl* 

e.osA 

•4.1 

•0.1 

■ras-Ti* 

s.ots 

71.7 

•7,» 

*8p*«lMM  to  'aplMlAq  ^Iroetloo 

“SpMtwM  ^rollol  oltk  abo«r  opioaloq  dtroctlo* 


NOn::  Ail  •pvclwM  «or«  tllyktlf  ear*o<l  do*  to  tk*  ohopo  of  tko  oAMr 

•PM  ▼•kicioo.  erOM^atlr,  olraaftk  oalwa  aro  l««or  tlM  oorMlif  om^t*d. 


^p»~Wi*«pplng  S»qunno» 

I'm  tai|>«-«rra^ltig  nn^'nbMqumt  nachlnlng  t«ehnlqu»  o«n  beat 
be  described  by  referring  to  Ficurea  3-lG.  Figure  3  ehoue  the  eluainuB 
eubetrete  mndrel  prior  to  ereppingi  with  e  phenollo-fibergleBS  plug 
ceaMnted  end  bolted  tcttie  trehl^e  et  the  etegnetlon  point.  Ibe  eluad- 
nua  exteneloQ  to  the  plug  proridea  for  eufflcient  area  to  start  the 
tape-erapping  aequenoe.  Figure  U  shows  the  tape-winding  fixture  with 
a  2-inoh-wide  ta^  roll  in  plaoe«  threaddd  through  the  tension  and 
tape-baokiog  atrlppiof.  rollers^  and  readf  for  wrapping.  In  this  visw, 
the  aluainua  aandrel  is  not  yet  in  place,  however,  both  the  template 
for  tracing  the  vehicle  contour  and  the  tracing  indicator  are  shown. 

A  oonventional  lathe  was  used  for  the  entire  operation..  Winding  was 
Initiated  at  the  rear  of  the  vehicle  as  shown  in  Figure  A  heating 
laap  raised  the  temperature  of  the  tape  to  approxlaateiy  100  F,  to 
facilitate  wrapping.  The  rear  section  was  wrapped  at  a  rate  of  60  rpa. 
Following  wrapping  of  the  rear  section,  the  front  section  wai  wrapped 
at  a  rate  of  17  rpa.  Figures  6  and  7  show  \he  front  portion  of  the 
vehicle,  shown  in  Figure  d,  was  then  vaouua  cured.  After  vaouua  cur¬ 
ing  the  vehicle  was  machined  on  a  standard  lathe.  Figure  V  shows 
aachinlng  in  process  and  Figure  10  shows  the  conq^letely  machined  vehicle. 


^sting  and  Inspection  of  Phenolio-FiberglasB  tonyosite 
Iflilekness  aoseurenenis  sny  point  on  ins  surfs ce  of  ihe  phe- 
nolic-flbsrgiass  cos^slts  akin,  Figurs  2,  wers  obtained  using  ultra¬ 
sonic  techniques.  A  No.  210  RAIIAC  ultrasonic  test  unit  was  found  to 
provids  high  accuracy  and  versatility.  Thlcknssa  meaaureMnta  between 
0.020  and  0,300  inch  could  be  easily  dstsmined  within  an  scourscy  of 
i  of  1%. 


Variations  in  dsnslty,  porosity,  and  delsainstions  of  the 
phenolic-fiberglass  ccisposits  sldn  could  be  resolved  using  s  low 
voltag'  f-ray  souroe  and  high- sensitivity,  flns-gralned  X-ray  film* 
Dsnsit.  vai*iations  of  about  $%t  and  poroaity  defects  end  dalaninationa 
of  0.001-inch  thlckneas  could  bs  detected.  The  optlnua  X-ray  voltage 
was  90  kv  and  the  film  resulting  in  the  beet  resolution  was  the  single 
emulsion  type. 
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CONCLUSIONi^  AND  RKCOIMINDATIONS 

•Shear  spinning  cf  In<;on€l  5052  aluiriinujfji  alloy  and  lio-TZM 

re-entry  vehicle  configurations  of  the  type  evaluated  can  be  accom- 
rlished  at  predetermined  temperatures,  using  specific  reduction  rates 
and  ratios,  Additionul  studios  are  required  to  firmly  eetablieh  aheor 
spinning  variables  for  the  Mo-TZM  alloy. 

Ablative  re-entry  vehicles  of  the  type  evaluated  can  be  suc¬ 
cessfully  fabricated  using  a  type  126-111  finish  fiberglass  cloth,  im¬ 
pregnated  with  a  phenolic  type  resin,  which  is  subsequently  wrapped 
over  a  type  5052  aluminum  shear  spun  substrate.  Wrapping,  curing, 
machining,  and  shear  spinning  techniques  are  compatible  with  the 
vehicle  design, 

A  more  sophisticated  tape-wrapping  fixture  has  been  designed 
to  wrap  the  full-scale  vehicle.  The  new  fixture  incorporates  integral 
devices  for  varying  the  tension  on  the  tape,  acconmodating  large- 
diameter  and  variable-width  rolls  of  tape,  and  heating  the  tape.  Addi¬ 
tional  etudies  are  required  to  optimize  tape  heating,  stacking,  and 
support  techniques  during  wrapping. 
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IMPROVE)  DIELECTRIC  FILMS  FOR  OPTICAL  AND  SPACE  APPLICATIONS 


J.  T.  COX,  0.  HASS,  AND  J.  B.  RAMSET 
U.S.  ARMT  ENGINEER  RESEARCH  AND  DEVELOPMENT  LABORATORIES 

FORT  BELVOIR,  VIRGINIA 


I.  INTRODUCTION 

The  designer  of  multilayer  ar tlref lection  coatings,  protected 
front  surface  mirrors,  and  filmed  surfaces  for  space  applications 
has  often  been  seriously  hampered  by  the  fact  that  the  number  of 
oxides  suitable  for  producing  durable  and  optically  transparent  films 
with  a  great  variety  of  refractive  Indices  has  been  quite  restricted* 
Many  oxides,  when  evaporated  from  directly  heated  tungsten  boats, 
become  deconposed  by  reaction  with  the  tungsten  heater  and  condense 
on  the  substrates  In  the  form  of  strongly  absorbing  films*  Only 
recently,  new  deposition  techniques  and  treatments,  such  as  evapo* 
ration  fay  electron  bombardment,  deposition  In  the  presence  of 
oxygen,  and  ultraviolet  Irradiation  after  the  film  deposition,  have 
greatly  Increased  the  number  of  oxides  that  can  new  be  deposited 
In  the  form  of  optically  nonabsoitilng  coatings*  These  new  tech> 
nlques  are  especially  suitable  for  producing  durable  optical  coat¬ 
ings  of  SI2O3,  S102»  AI2O3,  Th02,  and  Zr02* 

It  is  the  purpose  of  this  paper  to  present  data  on  the 
preparation  and  optical  properties  of  these  oxide  films  and  to  dis¬ 
cuss  some  of  their  appllcatlms,  such  as  the  preparation  of  well 
piotected  front  surface  mirrors  with  high  reflectance  in  the  ultra¬ 
violet,  multilayer  anti  reflection  coatings,  surface  films  for  con¬ 
trolling  the  temperature  of  satellites,  coatings  for  solar  energy 
converters,  and  for  the  study  of  erosion  effects  In  outer  space. 


II,  EXPERIMENTAL  TECHNIQUES 

The  basic  principles  and  techniques  for  producing  thin  films 
by  high  vacuum  evaporation  are  well  known  (1),  so  that  only  a  brief 
resume  of  the  methods  and  equipment  used  for  producing  and  measuring 
the  above  mentioned  oxide  films  will  be  given  here. 
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SlXieon  mnoxld*  waa  aTaporatad  fraM  a  dlractlj  haaiad  tan> 
talttm  container.  A  hlch-powarad  alaetron  gun  oapabla  of 
up  to  20  KV  and  250  nm  «aa  uaad  for  avaporatlna  S10'»,  Al^O^,  t)i02» 
and  ZrOo*  Xha  oodtea  to  ba  avaporatad  alaotron  ScwbaWiant  aaia 
plaoad  into  a  dlnpla  of  a  haaajr  ooppar  block.  To  aaaura  hlgb  and 
rathar  conatant  aTaporatloo  rataa,  and  to  avoid  oaarhaatinc  and 
daoo«|>oaing  tha  oadLdaa,  an  alaetron  baan  at  laaat  0.6  inehaa  in 
diaiMtar  waa  uaad.  With  thia  tachnlqaa,  flLaa  of  SiO?  And  A32O3 
prodaead  at  dapoaltlOR  rataa  of  about  UOO  A/nin  and  at  a  diatanca 
U$  on  from  tha  avaporaticn  aouroa  ahomad  no  abaorptanoa  in  tha 
viaibla  and  ultravlolat.  Thia  ia  not  trua  for  filM  produoad  with 
a  highly  foeuaaad  alaetron  gun. 

Tha  raflactanoa  and  traaanittanoa  of  filaa  dapcaltad  ondar 
varioua  eonditiona  onto  tranaparant  a«d>atrataa  and  onto  avaporatad 
aluadnun  ware  naaaurad  froai  2000  A  to  1|0  p  with  Parkin  Elnar  and 
Baeknan  inatrunanta.  Tha  rafraotiwa  IndiMa  of  nonabaorbxng  filna 
ware  conputad  fron  tha  naaaurad  raflactanoa  valuaa  at  tha  qnartar- 
vavalangth  poaitiona.  Additlaaal  valuaa  for  tha  filn  indioaa  wara 
dataradnad  fron  the  true  intarfaronatrioally  datamlnad  fi^ 
thir’ naaaaa  and  tha  vavalangth  poaitiona  of  raflactanoa  naidna  and 
ninL^. 


A  akatch  of  a  72-inch  vacuun  ehanbar  auitabla  for  coating 
aatallitaa  unifonOy  with  tanparatura  controlling  aurfaca  filna 
of  aluadnun  and  allieon  oxlda  ia  ahewn  in  Pig.  1.  A  apaoial  da- 
vioa  waa  built  for  av^porting  and  rotating  a  aatellita  aphara  in 
the  araporator  so  as  to  expose  all  of  its  surface  uniforady  to  the 
incident  vapor  of  the  avaporatad  natarial.  Tha  aphara  is  ncuntad 
in  a  fork  so  that  it  can  ba  rotated  sinultanaously  about  two  axes. 
To  keep  tha  coatings  fron  baeosdng  thicker  at  the  sphere's 
supporting  points  or  poles  than  at  tha  aquatoriai  region,  tha 
fork  nust  ba  rotated  with  non-unlfom  angular  ^>aad  having 
naxinun  velocity  irtian  tha  poles  pass  over  tha  evaporation  sources. 

A  double  universal  joint  is  uaad  to  transnlt  thia  uneven  notion 
to  the  folk  fron  tha  driving  shaft. 

Tha  sphere  is  cleaned  in  vacuum  by  a  high  voltage  dc  glw 
discharge  using  6  KV  and  UOO  na.  The  glow  diaebarga  cleaning  ia 
applied  for  approodnataly  15  win  and  heats  tha  satellite  to  about 
150<iC.  Before  the  evaporation  is  started,  a  nask  is  placed  between 
tha  source  and  the  sphere  to  limit  tha  angle  of  vapor  incidence  on 
tha  sphere  to  lass  than  UO^  in  order  to  prevent  roughening  of  tha 
aurfaca  by  filn  deposition  made  at  hi|d>  Inoidanoa  angles.  A  glass 
plate  fastened  to  tha  nask  allows  monitoring  of  the  filn  thieknass 
daring  tha  deposition  by  raflactanoa  naaauranants  with  nono- 
chrosntie  light. 

More  than  30  satellites  up  to  36  inches  in  diameter  includ¬ 
ing  all  fanguards,  Injuns,  Eiplorers  IVI  and  Til  and  all  satallitaa 


194 


COZ«  HASS,  and  RAMSET 


of  tho  Naral  Rosoarch  Liboratorjr  tiara  auooaaafolly  eoatad  for 
toMparattura  control  in  tlta  vaoum  ohaaber  ahotm  in  Fig.  !• 


in.  RESULTS 

1.  flLu  Produoad  Evaporation  of  Silicon  Monoxlda 

Thin  fllaa  produoad  hj  high  vaouua  avaporatlon  of  ailicon 
iMnoxlda  ara,  today,  tha  noat  fraquantly  uaad  protactlva  layara 
for  avaporatad  alunlnun  nlrrora.  Noaevar  tha  coagtosltlon  and 
optical  propartlaa  of  auch  protactlae  fllna  and  tha  raflaotanca 
charaetariatlca  of  protactad  altainua  nlrrora  dapand  atrongly  upon 
tha  oondltlona  undar  ahich  SIO  la  avaporatad  (24i).  High  dcpoaltlon 
rata  at  low  preaaura  raaulta  In  fllna  of  trua  SIO  which  ahow  rathar 
atrong  abaorptanca  In  tha  ultra  rlolat  and  ahortar  wavalangth  raglon 
of  tha  vlalbla.  Coatlnga  praparad  at  a  low  dapoaltlon  rata  and 
rathar  high  praaaure  of  oxygon  ara  atrongly  oxldiaad  and  ahow  a 
largo  ahlft  of  the  abaorptlcn  adga  toward  ahortar  wavalangtha« 
nagllglble  abi^orptanca  in  tha  trlalble  and  noar  ultravlolat,  and 
lower  Index  of  refraction.  Alunlnun  nlrrora  which  ara  to  be  uaad 
in  tha  triaibla  and  near  ultravlolat  ahould  tharafora  ba  protactad 
with  a  atrongly  oxldiaad  flln  rathar  than  with  one  of  trua  SiO. 

Balw  X  •  300  nui  atrongly  oxldiaad  ailicon  oxlda  fllna  atlll  ahow 
rathar  atrong  abaorptanca  which  Inoraaaaa  with  dacraaalng  wava- 
langth.  Thla  haa  for  a  long  period  of  tine  llnltad  thalr  naafulnaaa 
aa  protaotlva  layara  for  alunlnun  nlrrora.  Raoantly  it  haa  been 
ahown  that  axpoaura  to  the  ultrarlolat  radiation  of  a  quarti 
naroury  burner  eonplataly  alininataa  tha  undaairad  ultravlolat 
abaorptanca  of  atrongly  oxidiaad  ailicon  oxide  fllna  and  thua  nakaa 
it  poaalbla  to  produce  wall-protaotad  alunlnun  nlrrora  with  high 
raflaetanoa  throughout  tha  far  ultravlolat  (5).  Fig.  2  ahowa  tha 
affect  of  SIO  avmporation  oondltlona  and  ultraviolet  Irradiation 
on  the  ^aible  and  ultraviolet  raflaotanca  of  allioon  oxide  protactad 
alunlnun  nlrrora.  Both  protective  coatlnga  are  affectively  V2 
thiek  at  X  ■  nu.  Tha  trua  SiO  coating  dapoaltad  at  a  very  low 
preaaura  ahowa  atrong  abaorptanca  in  tha  ahortar  wavelength  raglon 
of  tha  vialbloy  idiich  glvea  tha  nlrror  a  yellow  appearance.  Tha 
atrongly  ooddiiad  fl'ln  naterlal  praparad  by  avaperation  at 
FxlO*?  torr  of  oxygen  ahowa  alnoat  no  abaorptanca  In  the  viaibla 
and  near  ultraviolet.  It  oan  be  seen  that  fire  houra  of  ultraviolet 
Irradiation  ellnlnatea  tha  far  ultraviolet  abaorptanca  of  tha 
atrongly  oxidiaad  flln  ocnplataly  but  haa  veiy  little  affect  on 
the  true  SiO  coating  produoad  withQ«At  ojQrgan.  Additional  axpari- 
nanta  nada  with  coatlnga  nore  thrn  1  u  thick  gave  tha  aana  raaulta. 
Ultraviolet  traatnant  of  alunlnun  coated  with  atrongly  oxidiaad 
ailicon  oxide  r^raaent8»  tharaforo»  a  new  taefaniquv  for  prcduclng 
wall-protaotad  alunlntn  nlrrora  with  high  ultraviolet  raflaetanoa. 
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Stronfly  oxidiiad  filu  of  ailloon  oxldo  hava  alao  baan 
dapoaltad  on  ultravlolat  tranaparant  fuaad  quarta  and  aapphlra  and 
aeaaured  in  traaeaittanea  and  rafleoianoa  bafora  and  aftar  ultra- 
alolat  irradiation*  Thair  inltiallj  rathar  high  ultrariolat 
abaorptanca  could  ba  oo^)lataly  aliainatad  and  thair  rafractiva 
indioaa  vara  graatly  daoraaaad  by  the  ultraviolet  treatment.  Pig. 

3  ahowa  the  rafractlva  index  of  a  ailicon  oxide  fila,  produoad  by 
aTaporating  SiO  alowly  in  the  praaanea  of  ojg^gan,  bafora  and  aftar 
ultrariolat  irradiation  from  0*2  u  to  1.6  u.  A  flln  prepared 
under  the  daacribad  conditlone  oonaiata  pradonlnataly  of  SI2O3  (6), 
and  ahowa  an  initial  rafractlva  index  of  1.^7  at  X  •  600  mu.  Aftar 
S  houra  of  ultravlolat  irradiation,  Ita  refractive  Index  la  da- 
craaaad  to  l.uS  at  the  aaaa  wavelength,  which  brings  it  near  to 
that  of  fuaad  quarts.  However,  maaauramtnta  of  the  Infrared  abaorp- 
tlon  spectra  of  auoh  films  have  lad  to  the  conclusion  that  5  hours 
of  ultravlolat  traatsiant  does  not  convert  SI2O3  into  Si02* 


2.  Silicon  Dioxide  Films  Produced  by  Evaporation  with  an  Electron 
Oun 

tndecompoaad  films  of  Si02  can  be  obtained  by  evaporating 
quarta  glass  with  an  electron  gun.  If  properly  evaporated,  such 
fllna  show  nu  absorptance  In  the  ultraviolet  and  visible,  and  have 
a  .  fractive  index  which  is  identical  to  that  of  fused  quarts. 

Jig.  U  shows  the  dispersion  curve  of  Si02  films  produced  by 
electron  bombardment  in  the  wavelength  region  from  0*2  u  to  1.6  u. 
the  measurements  were  made  on  films  of  various  thicknesses  deposited 
at  rates  of  hOO  to  600  A/mln  at  a  distance  of  about  16  Inches.  They 
show  no  Interference  effects  when  evaporated  onto  quarts  glass  since 
thsy  have  the  same  Index  of  refraction.  Such  films  are  especially 
sultan's  for  producing  chemically  and  mechanically  durable  protective 
Isye.’*  ^or  front  surface  mirrors.  The  ultraviolet  and  visible  re¬ 
flects  e  of  aluminum  with  and  without  a  0.76  p  thick  protect! /e 
film  Oa  SiOo  is  shown  in  Fig.  5*  Even  in  the  far  ultraviolet  the 
protected  mirror  exhibits,  at  the  interference  maxima,  slightly 
higher  re  lectance  values  than  the  unprotected  one,  which  proves 
that  the  Si02  film  is  free  of  absorptance  in  the  wavelength  region 
shown,  iriach  thinner  protective  layers  of  SlOo  should  be  used  of 
course  for  producing  the  most  efficient  front  surface  mirrors  for 
the  visible  and  ultravlclet. 


3.  Aluminum  Oxide  Films  Produced  by  Evaporation  with  an  Electron 
Gun 

Another  material  quite  suitable  for  producing  optical  coat¬ 
ings  is  aluminum  oxide  (AIPO3}  because  it  is  both  extremely  hard  and 
transparent  from  the  far  ultraviolet  to  the  near  infrared.  AI2O3 
can  be  evaporated  from  tungsten  heaters  but  the  resulting  films  are 
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•llghtljr  d«c<NqpOMd,  du«  to  roduetlon  by  timgston.  Mid  «r«  thorofor* 
absorbing  In  the  visible.  Decomposition,  and  Uierefors  absorption, 
can  be  avoided  b;  using  electron  bosdiardiesnt  for  the  evaporation  of 
Al203*  With  this  ^chnlque  extreasSjr  hard  and  durable  AloO^  fllas, 
up  to  several  microns  In  thickness,  can  easlljr  be  prepared  ehlch 
show  no  absorptance  in  the  visible  and  ultraviolet.  The  refractive 
indices  of  aluminum  oxide  films  evaporated  by  electron  bonbardmant 
onto  substrates  at  and  300%  are  shown  In  fig,  6  for  the 
wavelength  region  from  0.2  u  to  1.6  u.  The  refractive  Indices  of 
the  films  produced  at  300^0  are  slightly  higher  than  those  of  the 
films  prepared  at  U0%.  In  the  visible  at  X  >  500  mu  an  Increase 
of  the  substrate  temperature  from  uOOC  to  300^0  causes  a  rise  In 
the  refractive  Index  from  1.60  to  I.63.  These  values  are  consider- 
ably  smaller  than  those  of  crystalline  y  -  AloO^  films  produced  by 
reactive  sputtering  onto  glass  at  higher  substrate  teim>eratures(7). 
This  is  due  to  the  fact  that  the  evaporated  films  condensed  on  sub¬ 
strates  of  1|0%  and  300%  are  amorphous.  Their  indices  agree  well 
therefore  with  those  of  amorphous  AI2O3  films  prepared  by  anodic 
oxidation  (6),  and  deposition  from  organic  solutions  (9). 

Because  of  their  hardness  and  excellwit  adherence,  evapo¬ 
rated  Al2^3  1‘llms  are  very  suitable  as  protective  layers  for 
aluminum  front  surface  mirrors.  AI2O3  protected  aluminum  mirrors 
show  very  good  abrasion  and  scratch  resistance.  They  cannot  be 
damaged  by  rubbing  with  rough  linen  and  can  be  repeatedly  cleaned 
with  water  and  detergent  without  changing  their  reflectance.  Thsy 
are,  however,  more  sensitive  to  salt  spray  and  boiling  water  than 
silicon  oxide  protected  mirrors. 

Fig.  7  demonstrates  the  use  of  AI2O3  films  in  multilayer 
antireflection  coatings  for  glass*  It  shows  the  visible  re¬ 
flectance  of  glass  (n-  ■  1.51)  with  and  without  a  three-layer  anti- 
reflection  coating  which  uses  AI2O3  as  the  inside  layer.  This  coat¬ 
ing  provides  a  very  b^oad  region  of  low  rei'lectance  and  is  extremely 
durable  when  deposited  on  a  glass  substrate  at  about  300%,  The 
middle  layer  of  Zr02  used  in  this  film  combination  was  also  evapo¬ 
rated  by  electron  bombardment  and  has  an  index  of  about  2,1  at 
X  •  550  mu. 


U.  Thorium  Dioxide  Films  Produced  by  Evapozmticm  with  an  Electron 
'lun 

Films  of  thorium  dioxide  (Th02)  are  of  special  Interest 
since  th«y  are  transparent  throughout  most  of  the  ultraviolet  region 
and  have  a  rather  high  Index  of  refraction.  ThO-  films  have,  there- 
for«>,  been  used  In  combination  with  low-index  films  of  SIO2  for 
producing  multilayer  Interference  filters  (10)  and  multilayer 
polarisers  (11)  for  the  ultraviolet  region.  ITie  films  for  these 
applications  were  prepared  by  deposition  from  organic  solutions. 
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Using  slsctron  bosrtMrdnent,  stabXs  and  nonsbsorblng  costings  of 
Th02  esn  also  bs  pr«psr«d  1^  high  ▼aouum  svaporation*  Ths  rs- 
fractivs  indloss  of  svaporatsd  Th02  ars  lovsr  than  thoes  prsparsd  i 

froK  organic  solutions  by  schroadar  (9)*  Tholr  index  in  the 
ultrsTiolst  at  X  ■  250  mi  is  about  1.95<>  This  is  high  enough 
howeTor  to  use  such  films  in  cosribination  with  evaporated  SiOj  for 
enhancing  the  reflectance  of  alusdmm  in  this  spectral  region.  The 
ultraviolet  reflectance  of  aluminum  coated  with  a  reflectance- 
increasing  film  pair  of  SiOo  Tti02  is  shown  In  Fig.  6.  Both 
dielectric  films  are  effectively  one  quarter  wavelength  thick  at 
X  •  290  ma  and  result  in  a  siaximum  reflectance  of  more  than  95^* 

The  region  of  high  reflectance  can  be  shifted  to  shorter  and  longer 
wavelengthshy  changing  the  thicknesses  of  the  films  and  its  maximum 
can  be  Increased  by  adding  additional  film  pairs  of  SiO^  and  Th02* 


5*  Coatings  for  Controlling  the  Temperature  of  Satellites 

Evaporated  films  of  alumln\us  plus  silicon  oxide  have  played 
an  important  role  as  surface  coatings  for  controlling  the  temper¬ 
ature  of  satellites  in  outer  space  (^2).  The  temperature  control 
of  an  orbiting  satellite  with  small  internal  power  dissipation  is 
established  by  arranging  for  the  solar  energy  absorbed  to  be 
balanced  by  the  thermal  radiant  energy  emitted  by  the  surface  at 
the  temperature  desired  for  the  payload.  For  a  given  orbits  the 
crucial  parameter  is  the  ratio  of  the  effective  solar  absorptivity* 
a*  of  the  surface  to  its  hemispherical  eraissivity*  e.  For  spherical 
satellites  this  ratio  of  a/e  should  be  about  1.2  for  maintaining  the 
satellite  at  close  to  room  tempjratxire.  Highly  polished  metal  sur¬ 
faces  have  Ve  values  of  U  to  10  which  would  result  in  very  hot 
satellites  and  failure  of  their  Instruments.  By  using  aluminum  in 
combination  with  surface  films  that  are  nonabsorbing  in  the  solar 
region  but  strongly  absorbing  in  the  far  infrared*  surfaces  with  a 
wids  range  of  */•  values  can  easily  be  prepared.  If  evaporated 
aluminum  is  coated  with  surface  films  that  are  nonsbsorblng  in  the 
solar  region  and  have  a  thickness  greater  than  0.3  u*  its  solar 
absorptivity  becoises  ssssr*tially  independent  of  the  surface  film 
thickness  and  assumes*  with  surfscs  films  of  n  *  1.5  to  1.6*  a 
value  of  11.5^  to  12.0^.  If  the  surface  films  have  strong 
absorption  bands  in  ths  infrared*  the  thermal  emlsslvity  of  over- 
coatsd  aluminum  Incrssses  steadily  with  inoreasing  thickness  of  ths 
sttxfaee  films. 

Silicon  oxide  films  produced  by  eveporstlon  of  SiO  in  the 
presence  of  oxygen  are  free  of  solar  absorptance  but  have  strong 
Infrared  absorption  bands  in  the  9  to  10  u  and  20  to  25  u  region. 
Fig.  9  shows  the  infrared  reflectance  of  evmporeted  aluminum  coated 
with  0.7*  1«U*  and  3*6  u  thick  films  of  strongly  oxidised  silicon 
oxide.  Thin  surface  films  of  silicon  oxide  produce  low  tenperature 
thermal  radiation  mainly  in  the  9  -  10  u  region*  while  for  thicker 
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filM,  tiM  20  -  25  lA  r*gioii  bMOMt  an  iaportaiil.  factor  In  the  total 
tharaaUjr  aid.ttad  anaru. 

Table  I  glaoa  Maaaurad  aalttos  of  tha  total  solar  abaorp* 
tlrlty  and  tharaal  aadaslrlt^r  of  aluadnun  coated  with  aiUoon  osdde 
filaa  of  earioua  thieknasaaa. 

Table  I.  Meaeured  Normal  Solar  Abaorptivlty  and  Thermal 
IidselTltjr  of  Evaporated  Al  Coated  with  SlUeon 
Oxide  of  Yarloua  Thlckneaaes 

t  of  Silicon  Oxide  (o)  0.1i3  0.61  0.7  0.88  1.1  l.U  2.8 

3<  ^  at  27®C  5.0  8.1  10,1  16,8  2U.2  35.5  6l.O 

%  an  11,6  11.8  11,7  11.9  11.8  11.9  12.0 

Hjr  the  uae  of  ailicon  oxide  films  of  various  thickness  on  top  of 
aluminum,  surfaces  with  anjr  desired  Va  ratio  from  about  6  to  0.2 
can  be  prepared. 

Of  the  HKuw  than  30  satellites,  coated  for  temperature 
control  In  orbit  with  aluminum  and  silicon  oxide,  one  reported 
temperature  data  for  a  time  period  of  almost  3  years.  The  data 
showed  that  the  coating  did  not  change,  and  that  the  satellite 
temperature  remained  In  the  desired  range  all  through  this  time. 

Films  of  Al  '*■  Al^O^  are  also  very  suitable  as  satellite 
coatings,  since  KloO-^  eviporated  by  electron  bombardment  Is  free 
of  absorptanee  in  the  solar  region  and  shows  strong  absorption 
bands  In  the  Infrared. 

Evaporated  SiOp  and  AI2O3  can  also  be  used  in  combination 
irlth  opaque  and  semltzmsparent  Mtal  films  for  producing  surfaces 
with  high  solar  absorptivity  and  low  thermal  mslsslvlty  for  solar 
energy  converters  and  for  preparing  coatings  to  study  erosion 
effects  In  outer  space. 


6.  Coatii^s  for  Solar-Powered  Thermal  Systems 

Various  types  of  solar  energy  converters,  such  as  fluid 
cycle  engines,  thermoelectric  devices,  and  thermionic  emittere  re¬ 
quire  surfaces  with  high  solar  absorptanee  end  low  thermal  emlt- 
tanoe  to  operate  efficiently.  Feasible  collector  coatings  of  this 
type  have  beai  developed  and  described  by  several  Investigators 
(13-15).  The  so  called  "dark  mirror  coatings”  idilch  absorb  visible 
light  by  optical  Interference,  and  which  were  originally  developed 
for  reducing  visible  stray  light  In  infrared  equipment,  represent 
one  of  the  approaches  for  obtaining  selective  eneror  absorption  for 
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•ol4ur-poiMr«d  tlwriMl  aysttM*.  Thty  eonalat  of  a  highly  roflootlng 
iMtal  ourfaco  itfilch  la  orarcoatad  with  absorbing  and  nonabsorblng 
fllai  matarlala  to  produce  rmrj  low  raflaotanoa  oaar  a  rather  ex¬ 
tended  waralangth  region.  Two  flln  conblnatlona  which  result  in 
extreneljr  low  Tleible  but  high  Infrared  refleotanoe  have  been 
described  bf  Hass  at  al  (13).  Both  of  these  filsi  designs  which 
consist  of  Al-Oe-SlO,  and  Al-SlO-Al-SlO  use  opaque  alusilnun  as  the 
highly  reflecting  base  layer,  this  Halts  their  use  to  teaperatures 
less  than  U50^.  In  aany  applications  the  ooa tinge  have  to  stand 
higher  teaperatures.  This  oan  be  achieved  by  modifying  the  above 
basic  film  designs  with  respect  to  the  film  materials.  Kilas  of 
opaque  and  sesdtransparent  Pt  or  Rh  oan  be  used  In  combination 
with  evaporated  SIO?  or  AI2O3  for  producing  voiy  teaperature  re¬ 
sistant  coatings  with  low  visible  and  high  Infrared  reflectance. 

Suoh  coatings  can  be  produced  by  high  vacuum  deposition  in  an 
electron  gun  evaporator.  Fig.  10  shows  the  reflectance  of  a 
Pt-Sl02-Pt-S102  coating  in  the  wavelength  region  fron  O.h  to  10  u. 

To  prepare  suoh  a  coating,  SIO2  Is  evaporated  «.ito  opaque  Pt  until 
the  refleotanoe,  controlled  at  a  certain  wavelength  In  the  visible, 
decreases  to  a  ainlaua.  Then,  Pt  la  deposited  until  the  reflect¬ 
ance,  after  passing  through  sero,  reaches  a  value  of  about  20%, 
Another  film  of  3102  on  top  brings  the  reflectance  again  down  to 
almost  sero.  The  coating  of  Pig.  10,  whose  preparaticn  was  oon- 
trolled  at  X  -  5^  au,  has  a  noreal  solar  absorptivity  of  about 
60%  and  a  thermal  eaissivlty  of  less  than  $%t  and  its  reflectance 
remained  unchanged  during  a  one-hour  heat  tieatment  at  600'’C. 


7.  Surface  Coatings  for  Studying  Erosion  Effects  in  Outer  Space 

The  optical  properties  of  thin  evaporated  films  and  film 
eoabinaticns  used  In  the  space  environment  may  change  drastically 
if  they  are  eroded  away  by  duet,  mlcrometeorltes,  or  by  sputterli^g. 
To  study  whether  such  a  surface  degradation  takes  place  In  outer 
space,  a  film  ecmbinaticn  which  la  extremely  temperature  sensitive 
to  wear-off  was  developed  for  use  as  a  test  coating  on  the  surface 
of  satellites.  It  consists  of  ah  opaque  Al  film  coated  with 
0.83  u  of  SIO9  of  Oe.  Such  a  coating  has  a  solar  absorp¬ 

tivity  about  60%  and  an  Vo  ratio  of  about  3.  If  the  lOOA  of  Oe 
are  removed  the  soler  absorptivity  of  this  coating  deoreasea  to 
about  HX  and  its  o/e  value  drops  to  about  0.8,  and  this  causes  a 
large  decrease  in  surface  teaporature  of  a  test  coating  of  this 
type  mounted  on  the  surface  of  a  aatellite.  Fig.  11  shows  the 
layer  arrangesmnt  of  the  erosion  sensor  and  the  reflectance  of 
Al  *  SIO2  vith  and  wlthcsit  lOOA  of  Oe  for  the  wavelength  region 
from  0.3  to  1.3  u.  Oe  Is  used  as  the  surface  film  because  It 
absorbs  only  In  the  visible  and  not  In  the  Infrared.  Therefore, 
the  removal  of  auch  a  thin  Oe  film  changes  only  the  solar  absorp¬ 
tivity  and  not  the  thermal  Mdselvlty  of  the  Al  *  SIO2  coating. 
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A  t«tt  ooatlng  of  tho  obovt  doaorlbod  typo  imi  in«t»llod 
by  NASA,  Anoa  Rosoaroh  Conte r  on  the  Orbltlni;  Solar  Obaerentory-X 
(S-16  Satellite)  to  proTlde  a  aenaltire  Method  of  da^aotlng 
eroalon.  The  satellite  vaa  launched  on  March  7,  1963,  and 
teiRpe^'ature  data  have  been  obtained  for  a  period  of  over  16 
Months.  Over  this  period  the  coating  showed  no  evidence  of 
deterioration  by  erosion  or  sputtering.  Its  aolar  absorptance  is 
still  at  its  initial  value.  It  nay,  therefore,  be  concluded 
that  for  earth  satellites  erosion  effects  on  thin  filns  are 
insignificant*  SlMllar  experiments  will  be  reported  with  satel¬ 
lites  orbiting  the  MOon. 
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A  MECHANISM  OF  ACTION 
OF  STAPHYLOCOCCAL  ENTEROTOXIN  POISONING 


GERALD  J.  CRAWLEY,  1ST  LT. ,  VC;  JOHN  N.  BLACK.,  CAPTAIN,  VC; 
IRVING  GRAY,  COLONEL,  MSC;  and  WAYNE  A.  LEBLANG,  1ST  LT. ,  MSC 
WITH  TECHNICAL  ASSISTANCE  OF  JACK  W.  BLANCHARD,  PFC 
U.  S.  ARMY  MELxCAL  UNIT,  FORT  DETRICK,  MARYLAND 


Although  food  poisoning  has  been  a  significant  medical  pro¬ 
blem  since  biblical  times,  Albrecht  von  Haller  (1)  apparently  con¬ 
ducted  the  first  scientific  study  in  the  early  1800's.  In  1894  Van 
de  Velde  (2,3)  published  the  first  reference  to  staphylococcal  food 
poisoning  and  Denys  (4)  Incriminated  a  yellow  micrococcus  in  an  out¬ 
break.  There  followed  many  case  reports  and  epidemiologic  studies  of 
outbreaks  of  food  poisoning  with  several  excellent  clinical  reviews 
(3, 5, 6, 7,8, 9). 


Since  the  mid-thirties,  basic  investigations  have  employed 
classical  phairmacologic  and  physiologic  preparations  such  as  isolated 
intestinal  systems,  muscle  with  and  without  attached  nerve,  uterine 
strips,  perfused  heart,  frog  skin,  and  many  others.  Although  crude 
preparations  of  toxin  possessed  some  physiologic  action,  as  the 
material  was  purified,  activity  was  lost.  Bayliss  (10),  using  young 
and  adult  cats  and  a  vari?ty  of  surgical  techniques ,  concluded  that 
the  action  of  the  enterotoxin  was  primarily  on  the  peripheral  sensory 
structures.  In  opposition  to  this  concept,  Sugiyama  and  his  collea¬ 
gues  (11)  stated  that  a  critical  factor  in  the  action  of  the  entero¬ 
toxin  is  its  effect  on  the  chemoreceptor  trigger  zone  located  in  the 
area  postrema.  Not  only  have  they  ablated  this  section  of  the  brain, 
preventing  the  emetic  reaction,  but  they  have  also  shown  a  synergism 
between  the  emetic  effect  of  dihydroergotamine ,  which  is  said  to  act 
thrcu^  the  chemoreceptor  trigger  zone,  and  that  of  staphylococcal 
enterotoxin.  In  addition,  Sugiyama,  e£  al  (12)  have  shown  that  per¬ 
phenazine  and  reserpine  have  a  definite  anti-emetic  effect.  While 
the  reserpine  must  be  used  as  a  pre -treatment ,  the  perphenazine  was 
effective  even  when  given  45  minutes  after  an  intravenous  dose  of  the 
enterotoxin.  Inasmuch  as  perphenazine  is  said  to  be  anti -emetic  for 
those  substances  acting  upon  the  chemoreceptor  trigger  zone,  these 
workers  believe  that  this  objervation  provides  additional  support  for 
the  conclusions  stated  above.  Orlov  (13)  also  concluded  that  there 
was  little  or  no  action  on  the  gastrointestinal  tract  but  on  a 
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iatribution.  matabollfm.  and  ate.ndant  phy.iologic  changet  wa.  bagun. 

MBTHODS 

atudiai  1  J®  ‘o  c*rry  out  th«  dittributlon 

U  alllntiilirr^  f  T?  **•“"  with  Iodina-13X.  Th,  procedura 

±l  S  7  ^  aolution  of  tha  antarotoxin 

137  *****?*  ''ith  •  mixtura  containing 

uL  m  cLiiLSi  J  0i2«  M  •«*  I  .1  of  carriar.fraa  ll31  obuinad 
cowiarclal  aourca*  avaraging  1.0  ac  par  ml  of  radioactivity 
^a  aixtura  la  allowad  to  raact  for  30  ainut.a  whan  it  i. 

^raactad  iodWa  lUl  by  paa.ing  it  aucca.aiv.ly  thJouJJl 
aapa^ta  colua  of  aadiarlita  IBA-400  reain.  Thia  procedure  yielded 

unbound  1^31.  teatad  in  doga,  the  toxicitv  wee 

natarial.  Thia  labeled  product  vaa  uaed 

wL  ubiiid  irthi  ii! *“«  .ibu- 


'«onk.v.  •“Pl”  ‘••'.a  fro. 

■onxaya  at  lo,  20,  jO,  45  and  60  minutea  and  at  2.  3.  5  8  12  and  3/i 

*our.  poat-challenga  in  order  to  follow  the  rite  of  Iom  oi  IL 

labalad  toxin  and  albunln  frooi  tha  blood. 

at-anhvi  Bind!  ^  Studiaa;  The  in  vitro  diatribution  of 

XM  .tudlKl  by  coU.ctln,  10  .1  of  blood 
Anounta  varying  from  20  to  1,000  ug  of  ll31 

iraa  incubated  rithar^**!^  aaaplea  of  blood.  The  mixture 

iTM  incubated  either  at  room  temperature  for  1  hour  or  at  37 "c  for  10 

»^utaa.  Follow^g  incubation,  I  ml  of  the  mixture  lie  la.ayld  fir 

***  then  aeparatod  into  platelet, 

nrythrocyte  fractiona.  Formed  almanta  were 

^Itimill^aUTI^  Radioactivity  of  each  fraction  waa 

oil  5*  activity  in  all  fractiona  computed. 

3Sl  treated  with  an  equal  volume^  20X 

YCA,  tte  aupernate  waa  aeparated  and  radioactivity  determined  The 
precipitate  waa  waahed  3  timaa  with  5X  TCA  and  the^radloactlvlty  of 
each  waah,  aa  wall  aa  the  precipitate,  vaa  determined. 

k..  ..K.ii  ^  biwiing  of  the  toxin  within  the  blood  waa  atudied 

J20  Jl  JS*  varying  doae  levela  cf  labeled  toxin 

<20  to  200  MS  P«r  kg) .  Tan  ml  aamplea  of  blood  were  taken  at  15  min- 
utea  and  3  houra  poat-challenge.  Following  detennlnatlon  of 
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radioactivity  in  whole  blood,  tha  buffy  coat  waa  raaovad  and  radio¬ 
activity  of  tha  platalata,  laukocytaa,  arythrocy taa ,  and  plaaaa  waa 
datanlnad  in  tha  aana  mannar  aa  daacribad  above.  It  ahould  ba 
pointed  out  that  total  blood  voluaa  ia  a  liaitlng  factor  in  all 
atudiaa  in  which  blood  muat  ba  raw)vad  fro«  aonkayi. 

Diitrlbutlon  and  Phyaioloaic  Studiaa!  Tha  diatribution  of 
and  phyaio logic  raaponaa  to  1131  ladled  atapKylococcal  antarotoxln 
waa  followed  in  aavaral  apaciaa  of  animala.  Additional  aninala  of 
the  aaaM  apaciaa  ware  treated  with  a  ainilar  quantity  of  1^31  labeled 
hunan  albumin  to  aarve  aa  controla.  Tha  varioua  apaciaa  uaad  and  the 
number  of  animala  in  each  group  are  aumBarlaad  in  Table  1.  Food  and 
water  ware  available  ad  libitum  throughout  tha  couraa  of  tha  axpari- 
mant  for  all  animala. 

TABLE  1.  NUMBER  OF  ANIMALS  USED  IN  SERIAL  SACRIFICE  STUDIES 


spsaEs 

TYPE 

TOXIN 

ALBUMIM 

Rata 

Sprague -Oawlay 

30 

10 

Rabbits 

Mixed 

30 

9 

Monkeys 

Macaca  mulatta 

28 

10 

Previously  challenged  monkeys 

Macaca  milatta 

9 

The  rata  and  rabbita  ware  treated  par  oa  with  Lugol'a  aolu- 
tion  24  houra  prior  to  challenge  to  block  tha  uptake  of  tha  1^^^  by 
tha  thyroid.  Rata  were  challenged  with  20  ^g/kg  or  with  40  ug/kg  of 
toxin  or  albumin  via  the  penal  vein.  Three  rata  from  each  of  tha 
toxin  groups  were  sacrificed  at  1,  3,  6,  12  and  24  houra  poat- 
challenga.  One  each  of  the  albumin  controla  were  killed  at  the  same 
time.  Eighteen  of  the  rata  receiving  toxin  ware  placed  in  ind’vldual 
metabolic  cages  to  collect  urine.  Rata  were  authanUed  with  .iloro- 
form  and  the  remainder  of  the  animals  with  ’’Lathol"*  given  either  iv 
or  directly  into  the  heart. 

Rabbits  were  similarly  divided  and  challenged  at  tha  2 
dosage  levels  via  an  ear  vain.  Three  animals  of  each  '^oxin  dose 
level  and  1  control  (40  ug/kg)  were  killed  at  1  ho'ir.  Subsequently, 
of  each  dose  level,  4  of  the  principals  and  1  of  tha  controla  ware 
killed  at  6,  12  and  24  houra.  No  urine  was  collected  from  rabbits. 

Three  groups  of  monkeys  ware  uaad,  those  which  had  no  pre¬ 
vious  experience  with  the  enterotoxin,  hereafter  referred  to  as  clean 
monkeys;  those  which  had  been  previously  exposed,  hereafter  termed 
re-challenge  monkeys;  and  controls.  In  all  studies  reported  hare, 
monkaFa  were  placed  in  specially  designed  metabolic  chairs  and  a 


pentobarbital  Na  and  131  amobarbital  Na  in  a  base  of  isopropaaol 
end  polyethylene  glycol,  Coru  State  Laboratories,  Omaha,  Nebraska. 
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poly«thyl«iM  cannula  wai  placad  In  a  parlphatal  vain  into  tha  pot- 
tericr  vena  cava  ts  facllitata  blood  aanpling.  ibrina  collacciona 
aara  nada  fron  3  nonkayi  in  aach  group.  All  nonkaja  aaza  givan 
althar  a  20  pg/kg  dosa  of  tcxio  or  albunln  iv.  IWo  of  tba  prlnclpala 
aara  aacrlflcad  at  1  and  3^  hour*  poatochallanga*  Sahaaquantly »  3  of 
tha  claan  nonkaya.  a*  well  a*  3  of  tha  r«>€hallaaga  npiilM(ya»  nara 
killad  at  6,  12  and  2A  hour*.  'iWo  of  tha  controla  war*  killad  at 
aach  tina  intarval. 

Tiaaua*  ftcKv  all  a.\;K;^«ia  wara  ranovad  laiMdiataly  folloning 
aacrifica.  Whola  waice  voighad  to  t:ha  naaraat  0.05  gn  and 

placad  in  plaatic  tuWa  for  aaaay  of  radioactivity.  In  caaaa  abara 
tha  organa  vara  largo,  a  rapreeantativa  aanplo  approxinatlng  1  gran 
vac  taken,  traighad  and  counted.  Calculationa  ifara  node  on  a  par 
gran,  a*  wall  a*  a  per  organ,  baaia.  lha  following  tiaauas  vara 
taken:  liver,  lung,  kidney,  aplaan,  heart,  brain  cortex,  pancraaa, 
adranala,  pituitary,  thyroid  (fron  nonkaya  only),  large  intaatina, 
anall  intaatina,  atoaach,  and  akalatal  nuacla.  In  addition,  urioa, 
facaa,  atonach  contanta,  and  blood  aanplea  waraobtainad  fron  all 
anlnaie,  aa  wall  aa  bil*  fron  tha  gall  bladder  of  nonkaya. 

All  aanplaa  ware  counted  in  a  well-typa  cryatal  aclatilla> 
tion  counter  to  an  error  of  laaa  than  5X. 

To  further  axanlna  tha  organ  dlatributlon  and  tha  nature 
of  tha  aMtarlal  aa  to  whether  or  not  it  waa  protein  bound,  a  aacond 
(roup  of  15  claan  nonkaya  ware  handled  aa  daacrlbad  previously.  How- 
avar,  thaaa  aonkeya  vara  challenged  with  100  t^g/kg  of  toxin,  iv. 

Three  of  thaaa  aninala  ware  killad  at  1,  3,  6,  12  and  24  houra.  lha 
aaaa  organa  and  tiaaua  vara  ranovad,  weighed  and  radioactivity  aacar- 
tainad  aa  in  other  nonkaya.  In  addition,  honoganataa  were  nada  of 
lung,  liver  and  apl*an  and  tha  concentration  of  radioactivity  waa 
dateminad.  A  voluna  of  honoganata  waa  treated  with  an  equal  voluna 
of  201  TGA.  lha  radioactivity  of  both  tha  precipitate  and  auparnata 
naa  aaaayad.  Fron  thaaa  raaulta  tha  par  cant  of  tha  radioactivity 
atill  protein  bound  waa  datamlnad. 

Studiaa  of  Body  Spacaa:  Body  water  conpartnanta  ware  da- 
taminad  by  uaing  trltiatad  water  aa  a  naaaura  of  total  body  water, 
and  radioaulfata  or  inulin  aa  naaauraa  of  extracellular  water  in 
naphractoniaad  eiookaya. 

Inulin  waa  aaaayad  uaing  Boa 'a  raaorcinal  nathod  aa  nodi- 
fiad  by  Schreiner  (15).  Tritiatad  water  and  radioaulfata  ware 
aaaayad  uaing  a  liquid  acintillatlon  p-particla  apactronatar  (16). 
Bacauaa  pravioua  work  with  ataphylococcal  antarotoxin  challenged 
nonkaya  indicated  renal  ia^lmant  (17),  tha  variabla  of  renal 
excretion  waa  allainatad  by  bilattarally  naphractonialng  aach  nonkey. 
Six  or  7  houra  following  aurgary,  tha  inulin  and  tritiatad  water  or 
radioaulfata  and  tritiatad  water  ware  injected  intravanoualy.  Five 
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blood  oMipUt  for  pro-chalUngo  valuta  wart  takao  durlnt  a  3>hour 
period,  uhlch  started  8  to  9  hours  after  Injection  of  the  tracers. 
iMsdlately  after  the  last  pra-challanga  blood  ssaiplas  wars  draim,tha 
aonkays  vara  challenfad  iv  with  the  toxin. 

The  uonkeys  in  which  inulin  was  used  received  25  ^g/Ug  of 
toxin  and  the  tM>nkays  in  which  the  radlosulfata  was  used  received  200 
pg/hg.  At  0.5,  1,  2,  3  and  4  hours  poat<>challanga.  blood  samples 
were  collected  using  Sequester-Sol*  as  an  anticoagulant  and  a  protein- 
free  filtrate  (Folin-Uu)  was  made  from  the  plasma. 

In  other  non-nephrectomlsed  monkeys,  USA**  and  hematocrits 
ware  used  as  indicators  of  vascular  water  shift.  For  each  monkey  1.5 
|ic  of  818A  was  injected  into  a  superficial  arm  vein.  Control  blood 
samples  were  collected  at  24,  25,  27,  28,  29,  45,  46,  47  and  48  hours 
following  RISA  injection  to  insure  that  the  metabolic  phase  of  the 
USA  distribution  curve  had  been  reached,  gad  lose  tivity  per  ml  of 
serum  was  msasured  in  a  «wll-type  crystal  scintillation  counter. 
Micro-hematocrits  ware  done  in  duplicate  at  the  45,  46,  47  and  48 
hour  saiq>llng  times. 

Terns d lately  following  the  48-hour  control  sample,  each  mon¬ 
key  was  challenged  intravenously  with  25  pg/kg  of  the  staphylococcal 
engerotoxin.  Blood  samples  were  collected  at  0.5,  1,  1,5,  2,  3,  4, 

5,  6,  7,  and  8  hours  post -challenge.  USA  content  a^  hematocrits 
were  measured  as  described  above, 

RESULTS 

Symptomatology :  Rats  appeared  to  he  resistant  to  the 
effects  ojL  the  toxin  at  the  dose  administered.  Rabbits  exhibited  a 
variable  response,  but  generally  symptoms  were  mild  and  short-lived, 
and,  as  with  the  rats,  none  died  during  the  24-hour  period  of  study. 
Nearly  1001  of  the  clean  monkeys  showed  the  usual  clinical  signs  of 
illness  after  the  first  hour.  These  included  vomition,  diarrhea, 
anorexia,  pyrexia,  pale  mucous  nmmbranoa,  and  mild  to  severe  depres¬ 
sion  leading  to  death.  None  died  in  the  first  24  hours  of  the  study. 
Bowever,  many  animals  used  in  other  concurrent  studies  have  died 
within  24  hours  following  this  dose.  Only  2  of  9  sKHikeys,  both  hav¬ 
ing  the  lowest  antl-enterotoxin  titer  of  the  group,  showed  any  symp¬ 
toms  upon  re-challenge  during  the  24-hour  period  of  observation. 

Both  were  moderately  depressed  and  vomition  was  noted  in  one. 

Disappearance  Times;  Table  IX  suamarises  the  disappearance 
rates  of  the  injected  macromolccules.  The  initial  half-life  of  ll-31 
labeled  toxin  in  the  blood  of  20  clean  monkeys  ranged  from  10  to  45 

*Dipotas8iua  ethylene  diamine  tetra-acetate ,  Cambridge  Chemical 
Products,  Inc.,  Dearborn,  Michigan. 

**Radio-iodinatad  ell'll)  serum  albumin,  Abbott  Laboratories,  Oak 
Ridge,  Tennessee. 


211 


CSAWLKY,  BIACX,  GRAY.  «nd  UBIAMG 


lulnutta.  whil*  that  of  6  ro-challaniod  aonkays  varlad  froa  10  to  60 
■Inutaa  and  that  of  albuivln  undar  thaac  '  ondiclona  rangad  froa  200  to 
400  alnutaa.  Howavar.  tha  continuad  rata  of  lota  of  tha  albumin  and 
toxin  ara  almllar. 


1ABU  11.  RATI  OF  LOSS  OF  LABSL8D  STAPHYLOCOCCAL  RMTIROIOXIH 
AMD  ALBUKIM  FROM  tn  BLOOD  OF  MOMKIYS* 


CLIAM 

IHTIROTOXIM 
T  1/2  IN  MINUnS** 


RR-CHALLDiGB 
IMmOlOXIN 
T  1/2  IM  MIMUTIS 


ALBUMIN 

1  1/2  IN  MINUnS 


Avaraga  18 

Manga  10-45 


2B 

10-60 


275 

200-400 


*A1 lowing  10  mlnutaa  for  nixing. 

1/2  *  tlaa  raqulrad  for  tha  cnncantratlon  to  dacraaaa  by  a 
factor  of  2. 


Blood  Binding  Studiaa;  Iha  vitro  and  ^  vivo  dlatrlbu- 
tlon  of  tha  iabalad  antarotoxin  within  the  blood  haa  baan  studied. 

In  vitro  atudlas  hava  ahown  that  15  to  20X  of  the  label  is  bound  to 
tTTa  \>u^^y  coat  and  the  ramalndar  to  the  albumin  fraction  of  the 
plaana.  All  radioactivity  Is  removed  from  tha  erythrocytes  with  3 
washes  of  serum.  However,  results  from  ^  vivo  studies  indicate  that 
at  15  minutes  following  administration  of  toxin  lass  than  IX  of  the 
dose  Is  combined  to  tha  buffy  coat,  and  by  3  hours  there  is  no  detect¬ 
able  buffy  coat  activity  remaining*  Following  washes  by  serum,  there 
Is  no  activity  on  the  erythrocytes  at  any  citaa.  At  IS  minutes  post- 

challanga,  90X  of  the  label  is  protein  bound  within  tha  plasma. 

Later,  at  3  hours,  as  much  as  70%  of  tha  amount  within  the  plasma 
-  As  protein  free. 

Tissue  Distribution  Studies;  The  results  from  studies  of 
urine  daaionstratad  consldaral^la  differences  between  rats  (resistant) 
and  monkeys  and  between  clean  and  re-challenged  monkeys  in  their 
ability  to  clear  the  1^31,  The  reaulte  of  urinary  clearance  are 
Indicated  in  Figure  3.  It  appears  that  those  animals  having  the 
greatest  resistance  to  the  effects  of  the  toxin  excrete  the  greatest 
aawunt  of  the  label  In  the  urine.  This  observation  has  also  been 
noted  in  clean  monkeys,  l*e.,  those  showing  minimal  clinical  symptoms 
voided  larger  amounts  of  lT31  in  the  urine.  It  was  further  found 

that  the  accumulation  of  1131  in  the  thyroid  of  the  re-challenged 

BKmkays  was  4  times  greater  than  the  uptake  by  the  thyroid  of  clean 
•onkevs  (17. 3X  to  4.5X).  This  and  the  urine  studies  indicate  that 
the  ll3l  was  being  freed  from  the  protein  faster  in  previously  chal¬ 
lenged  or  more  resistant  animals  and  is  probably  an  indication  of  a 
faster  rate  of  metabolism  of  the  toxin  molecule.  Limited  data  indi¬ 
cates  that  the  liberated  1^31  ig  primarily  in  the  form  of  inorganic 
iodide  rather  than  as  iodinatad  a^no  acids  as  is  the  case  with  the 
iodinated  albumin. 
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Tha  raaultt  of  Cha  tiaauo  atudiaa  hava  ahown  ainlnal  varia¬ 
tion  in  tha  organ  eoncantration  from  animal  to  animal  within  a  apa- 
claa.  Piguraa  4  and  5  illuatrata  tha  changa  In  organ  concantration 
with  tima  aftar  challenga.  It  is  apparant  that,  axoapt  as  notad 
balow,  the  labalad  material  diaappaara  from  tha  tiasua  in  a  mannar 
similar  to  that  for  albumin.  Thara  was  no  appraciabla  diffaranca  in 
tha  distribution  of  tha  antarotoxin  in  rats  or  rabbits  at  tha  highar 
doss  laval  of  aithar  albumen  or  toxin. 

Thara  appaara  to  ba  a  salactiva  concantration  of  tha  antaro¬ 
toxin  in  tha  lungs  of  all  spacias  atudiad  as  compared  with  the  albu¬ 
min.  This  concantration  remains  elevated  tor  a  considerable  length 
of  tima  in  clean  monkeys  at  a  tima  whan  tha  blood  laval  is  falling. 
Furtharmora,  this  activity  is  largely  protein  bound.  Iladioactivi*:y 
has  been  noted  in  tha  lungs  of  monkeys  dying  from  4  to  10  days  fol¬ 
lowing  challenge,  whereas  activity  in  other  organs  was  minimal  or 
undetectable.  A  major  difference  seen  among  rats  and  rabbits 
(resistant  animals)  as  compared  to  monkeys  in  tha  distribution  of  tha 
toxin  was  this  continuing  high  concentration  in  the  lungs  of  the  sion- 
keys.  Tha  anomalous  situation  of  t!ia  sustained  high  level  of  activ¬ 
ity  in  the  lungs  of  the  ra-challenged ,  resistant  aionkeys  ouiy  ba 
explained  by  the  not  unreasonable  aasumption  that  tha  labalad  toxin 
combined  with  its  antibody  has  been  fixed  by  tha  phagocytes  in  tha 
lungs . 


It  should  bo  noted  further  that  the  toxin  concentration 
rises  in  the  heart  and  kidneys  for  the  first  6  to  12  hours  and  than 
falls  off  in  the  same  manner  as  albumin. 

Body  Space  Studies;  Mo  significant  differences  between  the 
pre-challenge  and  post -challenga  total  body  water  compartaient  (TBW) 
could  be  detected  with  T2O.  Likewise,  no  changes  in  the  extracellu¬ 
lar  fluid  compartmenc  (EOF)  could  ba  shown  with  either  tha  inulin  or 
the  radiosulfata.  These  findings  Indicate  that  tha  intracellular 
water  (IGU)  (TBW-ECF)  remains  unchanged.  An  increase  in  RI3A  con¬ 
centration  occurred  within  1  hour  post-challenge  as  shotm  in  Figure 
1,  and  can  bast  be  explained  by  a  loss  of  vascular  water.  This  con¬ 
clusion  is  supported  by  tha  rise  in  hematocrit,  as  shown  in  Figure  2. 

TABLE  1X1.  IHCSEASE  IN  LVNG  WEIGHT  FOUXWIHG  EMTBROTOXIN  CHALUSMGE 


HOURS  POST-  DIFFERENCE 


NO.  OF  MONKEYS 
comtrol/toxim 

CHALLENGE 

SACRIFICE 

RATIO  OF  LUNG/HEART 
CONTROL/TOXIK 

SIGNIFICANT 
AT  X  LEVEL 

10 

5 

^  i 

1.43 

1,43 

10 

5 

3 

1.43 

1.98 

10 

10 

6 

6 

1.43 

1.94 

1 

10 

6 

12 

1.43 

2.17 

5 

10 

6 

24 

1.43 

2.53 

10 
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This  rise  occurs  after  a  steady  decllalng  heisatocrlt  due  to  the 
rsBOval  of  red  blood  cells  by  saiq>llng.  Since  there  Is  no  change  In 
the  extracellular  or  Intracellular  water,  this  loss  of  vescular  water 
Is  best  explained  by  a  shift  Into  the  Interstitial  spi.v;e.  A  very 
Interesting  observation  was  the  increase  In  weight  of  the  lungs  of 
the  clean  aonkeys  at  sacrifice  aa  compared  to  the  control  nonkeya  as 
seen  In  Table  III.  This  change  Bd.|^t  %rell  reflect  the  shift  of 
fluids  seen  In  body  water  coo^artaent  studies, 

DISCUSSION 

From  the  above  results  a  possible  aechanlsa  of  action  of 
staphylococcal  enterotoxln  may  be  postulated.  ^  vitro  studies  have 
shown  15  to  20X  of  the  labeled  toxin  combined  with  the  buffy  coat. 
However,  less  than  11  was  found  combined  with  the  buffy  coat  from  in 
vivo  studies  15  minutes  following  Iv  administration  of  the  toxic 
Mterial.  It  Is  logical  to  assume  that  the  material  is  being  bound  by 
the  leukocytes  which  in  turn  are  being  cleared  rapidly  from  the  cir¬ 
culation  by  some  organ.  It  has  been  shown  that  when  leukocytes  are 
altered  In  some  manner  by  a  variety  of  procedures,  they  are  rapidly 
resioved  from  the  circulation  by  the  lungs  (18,  19).  Furthermore,  It 
has  been  shown  that  the  disappearance  of  the  toxin  from  the  circulat¬ 
ing  blood  la  considerably  faster  than  that  of  an  equal  amount  of 
albumin.  Therefore,  It  may  be  postulated  that  the  lung  Is  removing 
the  leukocyte -bound  toxin  from  the  circulation.  This  theory  Is 
supported  by  (a)  the  high  concentration  of  the  label  found  within  the 
lung  at  sacr'fice  and  (b)  by  an  increase  in  the  nxjmber  of  circulating 
young  and  Immature  leukocytes,  suggesting  rapid  replacement  of  mature 
cells.  Other  workers  have  also  reported  a  high  concentration  of  I^^l 
within  the  lungs  following  challenge  with  a  labeled  exotoxln  (20). 
Further,  this  high  concentration  within  the  lungs  continues  in  non- 
resistant  animals,  whereas  it  falls  rapidly  in  resistant  animals  (rats 
and  rabbits).  Animals  %rhich  are  resistant  because  of  previous  experi¬ 
ence  with  the  toxin  also  have  continuing  high  levels  of  label  In  the 
lungs.  As  pointed  out  above,  this  may  be  explained  by  postulating 
that  the  antigen-antibody  complex  is  being  fixed  by  the  phagocytes  of 
the  lung.  A  major  part  of  the  radioactivity  found  within  the  lung  of 
clean  monkeys  following  challenge  is  protein  bound,  suggesting  the 
material  Is  the  same  as  that  administered. 

Excretion  studies  have  desionstrated  that  the  label  is  elim¬ 
inated  In  the  urine  much  more  rapidly  from  resistant  than  from  non- 
resistant  animals.  This  label  has  been  shown  to  be  almost  entirely 
Inorganic  Iodide  suggesting  that  It  is  a  direct  swasure  of  the  ability 
of  the  animal  to  siecabollse  the  toxin.  Further  evidence  of  this  is 
the  large  amount  of  label  being  concentrated  in  the  thyroid  of  pre¬ 
viously  challenged,  resistant,  monkeys.  Furthermore,  it  appears  that 
even  among  non-resistant  animals,  those  which  are  better  able  to  elim¬ 
inate  the  label  In  the  urine  arc  more  apt  to  survive.  It  thus 
appears  that  toxin  metabolism,  as  measuree  by  the  appearance  of 
Iodlde-131,  la  associated  with  decraaaed  effectiveness.  Since  the 
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lung*  of  claoa  ond  ro-challongod  nonkoya  contain  about  tha  saoM 
aaount  of  radioactivity,  and  ainca  tha  ra*challongad  monkaya  ara 
aliainating  much  mora  of  tha  labal,  it  would  aaam  that  tha  lung  may 
not  ba  tha  major  organ  Involvad  in  breakdown  of  tha  toxin.  Thla 
obaarvation  ia  aupportad  by  tha  large  aaiount  of  radioactivity  found 
in  the  livara  of  ra -challenged  awnkaya  at  the  6-hour  aacrifica  and 
the  rapid  fall-off  of  radioactivity  in  aubaaquant  aacrificaa,  auggaat- 
Icg  tha  liver  aa  a  aMjor  otgan  of  mataboliam. 

Raaulta  of  water  diatribution  within  tha  varioua  body  com- 
partmenta  clearly  chow  a  loaa  of  fluid  from  Intravaacular  apace,  but 
not  from  the  entire  body.  Aa  pointed  out  above,  tha  water  la  loat 
into  the  interatitlal  apace  of  the  extracellular  fluid.  Preliminary 
evidence,  aumnariced  in  Table  III,  indicatea  that  there  ia  an  accu¬ 
mulation  of  fluid  in  the  lung.  Furthermore,  a  aignif leant  hiato- 
pathoiogic  leaion  aeen  in  monkeya  ia  an  accumulation  of  fluid  in  tha 
interatitlal  apacea  of  the  lung.*  Scattered  alveoli  may  contain  fluid 
but  frank  pulmonary  edema  la  celdom  aeen.  Likewiae,  aaveral  of  tha 
aymptoma  aeen  in  anlmala  auggeat  aome  type  of  interference  with  the 
exchange  of  gaaaa,  for  example,  dyapenia  and  cyanoaia. 

Aa  yet  the  exact  mechaniame  involved  in  death  from  ataphy- 
lococcal  enterotoxin  ia  merely  apeculation,  but  it  appeara  to  be 
cloaely  related  to  a  reaction  within  the  lunga.  Thua.  illneca  and 
aubaequent  death  may  be  due  to  interference  with  gaa  diffualon  in  the 
lunga  raaulting  from  an  accunulatlon  of  fluida  In  the  interatitlal 
apacea.  However,  additional  work  isuat  be  and  la  being  carried  out  to 
determine  the  detalla  of  thia  machaniam. 

SUIMARY 

Theae  atudlea  provide  no  information  concerning  the  poaaibla 
role  of  the  CMS  in  the  pathogenealc  of  acute  ctaphylococcal  toxin 
reactlonc,  nor  to  the  cauae  of  vomltion  and  diarrhea.  They  do  auggeat 
that  (a)  the  toxin  ia  bound  initially  to  WBC'c  and  albuadn,  <b)  that 
toxin-bound  WBC'a  are  trapped  in  the  lung,  (c)  that  the  lunga  develop 
increaaed  ireight  due  to  interatitlal  fluid  accumulation  which  occura 
coincident  with  loaa  of  vaacular  fluid,  but  with  unchanged  total  body 
water,  ICW  and  BCF,  and  <d)  that  re-challenged  and  realataut  anlmala 
handle  toxin  in  a  different  faahion,  evidenced  by  an  early  Increaaed 
accumulation  of  1^^^  label  in  the  liver  and  an  increaaed  clearance  of 
jl31  Qif  protein  by  the  kidney  and  thyroid. 
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figure  3:  Urlnery  1^31  Excretion 
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CLOSED  CYCLE  GAS  TURBINE 


W.  M.  CRIM,  JR. 
NUCLEAR  POWER  FIELD  OFFICE 
FORT  BELVOIR,  VIRGINIA 


The  closed  cycle  fee  turbine  power  plant  has  been  under  de» 
velopment  by  the  firm  of  Ctcher«WysSt  Ltd.  of  Zurich,  Swltserland 
since  1940.  During  this  time  some  dozen  or  more  central  station  type 
plants  have  been  put  into  operation.  In  the  12000  KW  class.  This  pa¬ 
per  is  pnsented  based  on  the  concept,  theories  explored,  desiyn, 
fabrlcetion,  construction,  and  initial  testlne  In  the  first  experi¬ 
mental  compact  closed  cycle  (AK  process)  thermodynamic  system. 

As  far  back  as  the  early  1950*8  conceptual  ideas  had  been 
formlnr  around  the  use  of  the  AK  process  for  a  compac*’,  motile  nu¬ 
clear  power  plant.  Generally  the  process  Is  referred  to  as  the 
closed  cycle  gas  turbine  power  plant.  Dr,  Keller  and  Processor 
Ackeret  are  credited  with  the  initial  patents  on  the  process.  The 
process  shows  how  maximum  work  can  be  attained  between  given  tempera¬ 
ture  limits  by  the  internal  transfer  of  heat.  The  Carnot  and  AK  Cy¬ 
cles  can  he  assumed  to  he  identical  in  efficiency  between  given  tem¬ 
perature  limits.  Both  cycles  require  isothermal  compression  and  ex¬ 
pansion  over  a  moderate  pressure  ratlc,  the  major  difference  between 
them  b'ling  that  the  Carnot  Cycle  requires  the  use  of  additional  ma¬ 
chinery  and  the  AK  cycle  needs  heat  transfer  apparatus  to  achieve  the 
temperature  range.  Other  advantages  of  the  cycle  are  the  low  pres¬ 
sures  and  exotic  gases  that  can  be  used,  such  as  Helium,  Nitrogen, 
Hydrogen,  or  mixtures  of  gases.  Figure  1  shows  the  circulation  pat¬ 
tern  of  the  gas  as  it  traverses  th-s  loop  during  the  process. 

The  action  on  the  fluid  or  gas  In  the  cycle  is  one  of  com¬ 
pression  and  expansion.  The  gas  is  Initially  compressed  and  heat  is 
then  added  by  the  gas  traversing  a  recuperator  or  heat  exchanger. 
Additional  heat  is  added  by  a  reactor  or  conventional  heater,  after 
which  the  gas  expands  through  a  turbine  and  gives  up  heat  through  the 
hot  side  of  the  recuperator  to  the  gas  just  leaving  the  compresaor  on 
tba  cold  side  of  the  recuperator.  The  gas  la  then  coded  further  by 
traversing  a  precooler  or  heat  exchanger  and  then  the  gas  enters  the 
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eeiipr«tsor  to  r«p««t  th«  eycl*  ai^aln*  Power  delivered  by  such  a  eye- 
tewi  la  raised  or  lowered  by  Incraaslny  or  decreasing  the  mass  flow 
rate  of  the  fas  throufh  the  system* 

The  conceptual  design  of  the  original  closed  cycle  nuclear 
power  plant  went  through  numerous  optimisations  and  cycle  studies  un¬ 
til  finally  a  system  was  conceptually  put  together*  as  shown  in  Flg- 
ure  2.  The  system  would  use  ewtremely  high  purity  tlitrogen  as  the 
coolant*  the  basic  rotstlng  equipment  would  be  of  a  moderately  high 
speed*  leOOO  RPM*  and  the  package  containing  the  reactor  and  power 
conversion  equipment  could  be  held  to  a  weight  of  25  tons  and  a  slse 
of  8*X8*X18'  which  could  be  handled  by  the  Army's  modified  25  ton  low- 
bed  trsller.  This  would  then  only  require  a  2  ton  truck  to  carry*  in 
addition*  tha  control  shelter*  The  design  went  Into  such  depth  as  to 
site  the  equipment  and  to  establish  the  basis  for  the  detailed  design 
of  the  components.  Table  1  lists  those  parameters  as  defined  by  the 
study. 

It  was  than  decided  that  an  enperlmental  test  program 
should  be  set  up  in  oider  to  test  the  ideas  of  such  a  system  up  to 
that  time*  There  was  not  adequate  time  for  Indlviduel  component  de¬ 
velopment  even  though  there  was  virtually  nothing  on  the  shalf  that 
could  ba  used  In  the  syetem*  At  this  time  the  Army  Nuclear  Power  Pro¬ 
gram,  under  the  joint  auspices  of  the  Department  of  Defense,  represent¬ 
ed  by  the  Office  of  the  Chief  of  Engineers*  end  the  Atonic  Energy  Com¬ 
mission  approved  the  design  and  construction  of  the  Closed  Cycle  Gas 
Turbina  Taat  Facility  (GTTF)  to  ba  located  at  Fort  Pelvolr*  Virginia 
and  tha  Gaa  Cooled  Reactor  Experiment  (GCRE)  to  be  located  at  Nation¬ 
al  Raactor  Test  Slta  in  Idaho.  Tha  tests  and  experiments  of  these  two 
-facilities  were  to  be  coordinated  so  ss  to  attsin  compat ability  of 
cystem, 

DESIGN  OF  THE  6TTF 

Tha  GTTF  was  then  initially  dssigned  so  that  as  many  com¬ 
ponents  as  possible  could  be  spread  apart  in  ordsr  to  bettsr  avaluate 
Tha  component  during  the  forthcoming  experimental  and  avaluation  pro¬ 
gram*  Figure  3  shows  this  epreading  out  far  bettar  than  it  can  ba 
said*  This  initial  design  was  completad  in  early  1957, 

Tha  maehlnary  eat  of  tha  GTTF  coneleted  of  the  closed  cycle 
turbo-compreasor  set*  recuperator*  generator  system*  reduction  gear 
and  tha  appropriate  couplings  and  pallet  to  assemble  such  items*  The 
machinery  set  can  bs  Idsntlfled  as  ths  assemblage  in  the  center  of  the 
machinery  room  In  Figure  3*  Probably  the  most  critical  Item  of  the 
siechlnery  eet  and  tha  GTTF  la  tha  thermodynamic  heart  of  the  system* 
the  turbo-compreeeor  unit*  The  turbo-compreeeor  Is  comprised  of  a 
two-stage  sxlel  turbine  and  two-etage  centrifugal  compressor  mounted 
on  a  common  shaft  which  Is  supportad  by  two  tilting  pad  radial  bearings, 
and  the  ehaft  axial  loading  is  takan  up  by  a  tilting  pad  type  thrust 
bearing*  as  shown  In  Figure  4,  It  wae  felt  that  the  tilting  pad  type 
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bearing  g«v«  nor«  Mturanet  againat  oil  whip  which  will  occur  at  hal* 
rotational  fraquanelaa  in  lightly  loaded  high  spaad  journal  bearings. 
The  turbo'cofnpreaaer  set  la  flange  mounted  to  the  gearbox  at  the  eeei- 
pressor  tiiU  and  to  the  recuperator  at  the  turbine  end,  the  turbine  be¬ 
ing  an  overhung  reaction  type.  The  turbine  nosxle  rings  and  Inter¬ 
stage  diaphragm  were  supported  by  a  conical  member  which  wrs  mounted 
on  and  located  by  the  thrust  bearing  housing  structure.  The  turbine 
rotors  were  bolted  to  the  flanged  end  of  the  hollow  rotor  shaft.  The 
seals  at  the  turbine  end  are  cooled  by  the  Nitrogen  gas  bled  from  be¬ 
hind  the  second  stage  compressor  wheel  to  the  center  of  the  main 
shaft.  This  gas  flows  through  drilled  holes  In  the  first  stage  tur¬ 
bine  wheel  and  through  the  turbine  interstage  labyrinth.  The  gas  la 
directed  alongside  both  wheels.  Thus  It  serves  to  cool  both  the  lab¬ 
yrinth  and  the  wheels.  A  portion  of  the  gas  Is  fed  between  the  first 
stage  turbine  wheel  and  the  turbine  shaft  seal.  Due  to  the  short  axi¬ 
al  length  available  for  the  turbine  exit  diffuser,  and  as  a  result  of 
testa,  a  sat  of  vortex  generator  vanes  were  developed  and  located  at 
the  diffuser  inlet,  mounted  on  the  turbine  exit  cone,  between  the 
three  cone  support  strut.  It  should  be  noted  that  ir  order  to  meet 
the  compactness  requirement,  the  turbine  exit  cone  protruded  a  few 
inches  inside  of  the  recuperator  inlet  flange.  In  order  to  prevent 
entry  of  oil  into  the  main  process  gas,  pressurized  labyrinth  seals 
were  used  at  the  ends  of  the  bearings.  All  labyrinths  were  pressur¬ 
ized  at  their  centers  to  a  level  equal  to  the  Nitrogen  pressure  behind 
the  second  stage  wheel.  The  GTTF  recuperator  was  designed  around  an 
extended  surface  pin  fin  type  core  as  shown  In  Figure  5.  It  was  de¬ 
signed  to  use  heat  transfer  passages  of  extremely  small  dimensions, 
since  it  was  expected  there  would  be  no  danger  of  fouling  or  plugging 
If  the  wo'  King  fluid  is  kept  clean.  The  design  was  made  up  of  38  low- 
preasurw  passages  between  which  are  sandwiched  37  high-pressure  pas¬ 
sages,  block  brazed  Into  a  single  unit.  This  core  was  then  welded  in¬ 
to  the  exchanger  as  shown  by  Figure  S.  The  generator  system  Including 
generator,  exciter,  and  start  motor  was  reasonably  standard  where  ex¬ 
treme  care  had  been  taken  In  order  to  make  them  as  light  weight  as 
possible.  An  actual  generator  system  was  used  rather  than  a  dynamom¬ 
eter  system  in  order  that  transient  teats  could  be  performed  In  the 
future.  The  reduction  gear  was  of  a  bull-pinion  type  due  to  the  com¬ 
pactness  of  design  which  required  that  the  generator  be  doubled  back 
on  the  turbo-compressor  as  shown  In  Figure  6,  rather  than  an  Inline 
design  employing  planetary  gearing  which  would  have  been  too  long. 
Figure  6  shows  the  basic  components  of  the  original  compact  closed 
cycle  machinery  set. 

The  plate  fin  precooler  originally  designed  for  the  roof  of 
the  nuclear  power  plant  was  moved  to  the  top  of  the  roof  of  the  GTTF 
as  It  was  felt  that  the  Increased  pressure  drop  could  be  accounted  for 
and  handled.  The  precooler  was  of  a  brazed  aluminum  single  pass  cross 
flow  exchanger  made  up  of  12  blocks,  each  having  31  air  flow  passages 
between  which  are  sandwiched  30  Nitrogen  flow  passages  of  the  type 
shown  in  Figure  7,  block  brazed  Into  a  single  unit.  The  complete  ex¬ 
changer  comprises  the  twelve  blocks,  welded  together  with  two  joints 
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]P«fall«linK  th«  Hitroftn  flow  paaa  and  two  in  tha  no-flow  diraetlon. 
Tha  haadar  '*tanVa*'  wara  waldad  on  tha  ands  of  tha  nitropan  flow  pats^ 
wakinit  ona  intapral  unit  of  tha  axehanp«r«  Air  was  clrculatad  upward 
throufh  tha  praooolar  by  four  propallar-typa  fans^aach  diraet  drivon 
by  its  own  eonatant  apaad  alaetric  rotor. 

Tha  GTTr  syatar  plplni  craatad  quita  a  challanya  to  tna  da- 
algn  ani^lnaar.  '  As  liotad  in  riaura  3,  It  it  aasy  to  saa  that  all  of 
tha  pipinp  ands  up  at  tha  machinary  sat,  and  it  is  virtually  impossi- 
bla  for  all  of  tha  axpanslon  and  tharral  movemant  to  ba  takan  up  by 
tha  axpanslon  joints.  Dasiim  rust  raduca  tha  rajorlty  of  strass  con- 
cantrations  in  tha  araa  of  tha  rachlnary  sat  and  nora  spaclflcally  on 
tha  turbo-comprassor  sat.  Tha  majority  of  piping  connactlons  wars 
rada  llfht  waifht  Harmon  typa  flanpas.  Tha  lead  chanpas  in  tha  closad 
cycla  pas  turbina  powar  plant  amployinp  tha  AK  procass  ara  mat  by 
ehanplnp  tha  waifht  flow  of  tha  workinp  radium  in  circulation  in  tha 
aystam.  Tha  dasipn  paramatars  of  tha  GTTr  wara  that  tha  voluma  and 
tamparaturas  within  tha  circuit  ramain  tha  samat  than  tha  chanpa  in 
waifht  flow  would  ba  affaetad  by  chanplnf  tha  prassura  laval  of  tha 
aystam,  by  tha  addition  or  withdrawal  of  workinp  fluid.  It  had  baan 
aihown  by  pravious  closad  cycla  power  plants  of  a  much  larpar  power 
output  that  thara  was  a  "momantar/  affect”  or  almost  Instantanaous 
ehanga  in  powar,  in  tha  diraetlon  called  for,  if  tha  workinp  fluid  was 
^«ddad  or  withdrawn  on  the  hiph  prassura  sida.  This  would  than  nacas- 
sltata  a  supply  of  worklnp  fluid  at  a  pressure  praatar  than  the  than 
axlatlnp  ayatam  hlph  prassura.  Tha  fact  that  tha  system  fluid  was  to 
ba  high  purity  Kltrogan,  maant  that  It  must  ba  stored  whan  not  In  tha 
powar  plant  circuit.  In  ordar  to  attain  tha  compact  paramatars  ra- 
qulrad  of  tha  system,  it  was  necessary  that  tha  storage  prassura  ba 
axibtttantlslly  greater  than  tha  maximum  circuit  prassura.  This  racas- 
sltstad  tha  use  of  a  high  prassura  transfer  eemprassor  between  the 
circuit  and  tha  storage  vessel.  As  a  reduction  In  powar  is  achiovad 
by  withdrawal  of  working  fluid  from  tha  circuit,  tha  rata  at  whl<h 
ipowar  could  ba  ymducad  would  ba  povamad  by  tha  capacity  of  this 
trsnsfsr  compressor  and  ths  volxims  of  tha  receiver  If  It  ware  not  poa- 
albla  to  temporarily  unbalance  tha  power  relation  between  tha  main 
rcomprassor  and  turbina.  This  was  sccompllshad  by  means  of  a  bypass 
valve  around  tha  heater,  turbina  and  racuparator  which,  whan  open,  af- 
factlvaly  maintains  ths  load  on  tha  compressor  while  simultaneously 
unloadlnp  tha  turbina.  Therefore,  by  opening  tha  bypass  valve,  the 
net  turbina  output  cen  be  Immadiataly  reduced  to  any  desired  laval 
Sfhlla  tha  working  fi  d  is  being  withdrawn  from  tha  circuit  over  soma 
Tassonabla  length  of  time. 

XXPERXNEKTAI,  TESTING  IN  THE  GTTF 

Prior  to  tha  final  assembly  of  tha  turbo-comprassor  a  series 
of  open  cycle  component  tests  wara  run  at  tha  factory.  These  tests 
included  compressor  first  and  second  wheal  and  diffuser  calibrations, 
than  calibration  of  both  stages,  turbina  exit  diffuser  tests  In  eight 
conf igurations ,  and  than  turbina  calibration.  Tha  compressor  stages 
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w«r«  Mp«riit«ly  on  a  apodal  rig  in  ordar  to  dataroiina  tha 

praciaa  eonfigurationa  of  tha  diffuaara  and  a  apaeial  taat  ducting  waa 
eonnaetad  to  tha  turbina  tail  cona  for  tha  vortax  ganarator  taata, 

Tha  ramaindar  of  tha  taating  at  tha  factory  xaa  accompliahad  with  tha 
turbo-compraaaor  aat  in  normal  tsaambly*  Tha  compraaaor  was  callbrat- 
ad  by  varying  tha  back  prasaura  whlla  holding  constant  apaad.  A  but- 
tarfly  valva  at  tha  compraaaor  diaeharga  providad  tha  control*  Tha 
valva  was  variad  from  wlda  opan  to  a  position  naar  what  was  thought  to 
ba  comprassor  aurga.  Savaral  points  wars  takan  at  aach  of  tha  follow¬ 
ing  spaadaj  12000 »  14000,  16000  and  18000  RPH.  Tha  only  point  takan 
at  tha  aurga  llna  was  at  14000  RPM.  Multipla  runs  wars  mada  with  tha 
compraaaor  incorporating  Indieatad  raquirad  changas  in  daaign  as  tha 
tasting  procaadad.  Tha  llmltad  turbina  parformanea  data  allowad  aoma 
astimatad  curvas  to  ba  ganaratad  and  at  that  tima  indieatad  that  tha 
turbina  could  ba  axpactad  to  oparata  In  tha  ranga  of  95%  afflelancy  at 
dasign  conditions.  Tha  turbo-eomprassor  aat  was  than  dallvarad  to  tha 
GTTF  and  Installad  on  tha  machlnary  badplata. 

To  gain  operating  axparianea  and  accumulate  parformanea  data 
on  tha  turbo-eomprassor  set,  fraa  of  complications . introducad  by  tha 
racuparator  ard  pracoclar  oparation  and  of  unknowns  associatad  with 
tha  compact  closad  cycla  systam,  tha  opan  loop  was  utllisad  for  tha 
Initial  tests .  Tha  loop  included  comprassor  Inlet  line  and  filter, 
compressor,  llna  to  heater,  haatar,  llna  to  turbine,  tvirbina,  and  tur¬ 
bina  exhaust  duct.  For  these  opan  cycle  tests,  tha  TC  sat,  reduction 
gear,  generator,  exciter  and  startmotor  ware  assembled  on  tha  machin¬ 
ery  set  badplata.  Installad  in  tha  loop  ware  a  control  system  b3rpas8, 
ovarspaed  trip  valves,  system  for  introducing  boost  air  from  an  exter¬ 
nal  comprassor  in  tha  compressor  discharge  line,  and  tha  associated 
piping  for  such  systems.  When  self-sustaining  oparation  could  not  ba 
attalnad  at  tha  spaed  of  tha  four-pcie  startingmotor,  other  methods 
ware  sought  in  an  attsmpt  to  raise  tha  turbina  spaed.  It  was  dacidsd 
to  admit  high  prassurs  air  batwesn  tha  comprassor  diachsrgs  and  hsatsr 
inlet.  Tha  air  was  introducad  through  a  ’’boost*’  nosxls.  This  would 
in  affect  deliver  greater  mass  flow  to  tha  turbina  without  requiring 
additional  work  from  tha  comprassor.  Tha  quantity  of  boost  air  ra- 
quirad  waa  not  attained  with  the  equipment  on  hand  and  aalf  run  in  the 
open  cycla  configuration  was  nsvar  attsinsd  at  tha  GTTF. 

Thars  was  vary  little  component  tasting  of  tha  hast  ax- 
changers  to  ba  used  in  this  first  compact  closad  cycla  loop  as  tha 
loop  itself  waa  tha  only  available  facility  that  could  adequately  gan- 
arata  tha  condltiona.  Standard  static  praasura  and  leak  checks  vara 
mada  on  tha  racuparator  and  pracoolar  and  both  aaamad  to  stand  tha 
pressure  checks  with  no  problems,  Tha  racuparator  howavsr  appeared  to 
have  a  very  small  internal  leak  from  tha  high  pressure  pass  to  tha  low 
pressure  pass  which  constituted  the  same  affect  to  tha  thermodynamic 
system  as  bypassing  tha  turbina. 

Initial  sslf-sustsinad  oparation  was  attained  at  a  compras¬ 
sor  Inlst  pressure  of  61  psia  and  a  turbina  inlet  temperature  of 
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JlOO®r,  Affr  reaching  aalf  run,  the  turbo-eoirpreeeor  set  acceler- 
eited  t9  15?00  RPK,  then  decreased  back  to  self  sustaining  speed.  The 
ywtem  was  then  shut  down  due  to  bearing  lubricating  oil  leskaite  into 
he  loop.  After  much  Investigation  and  lubrication  system  sKperimen-' 
4tlon  it  was  determined  that  the  lubrication  problem  was  an  opera- 
fional  one.  The  operational  prodedurea  were  then  adjusted  so  that  the 
array  of  conditions  td:leh  would  allow  the  oil  leakage  into  the  gas 
strsam  could  not  occur  during  startup,  axperimentation,  and  shutdown 
of  the  systemt  basically  this  was  acctMpIiahed  by  adjusting  the  oil 
flows  to  tJie  tarings  mors  casffiiitnsTirats  with  the  required  flows, 
thereby  providing  conditions  which  would  allow  the  oil  drains  in  the 
bearinirs  to  take  cue  of  the  required  oil  flows. 

At  this  point  it  is  important  to  review  snae  of  the  specific 
objectives  of  the  inltlei  testing  to  be  performed  in  the  GTTP,  which 
were  to:  detensine  the  compressor  and  turbine  perforeianee  character¬ 
istics  In  a  closed  cycle  coaflguration;  determine  the  optlnun  starting 
pressure,  speed,  tmd  temperature  ccmbinatlons;  determine  the  flow  fac¬ 
tors  for  various  cycle  conditions;  establish  eptimam  startup  and  shut¬ 
down  procedures;  detsralne  the  effectiveness  of  both  the  precoeler  and 
recuperator;  provide  ecsw  endurance  testing  of  those  rotating  ceeipon- 
ents  to  insure  the  integrity  of  the  rotor  dynamics  of  the  system;  and 
to  evaluate  the  uae  of  gas  injection  and  bleed-off  as  a  means  of 
starting  the  ayetem. 

The  facility  in  the  original  GTTT  con*lguratlon  was  experi¬ 
mentally  operated  fesr  over  1600  hrs.  During  this  period,  the  majority 
of  planned  testing  was  accomplished.  A  brief  resume  of  the  testing 
that  was  performed  is  listed  in  the  following  Table  7  entitled  CTTF 
summary  of  testing, 

TABLE  2  GTTr  SUMHART  OF  TESTS  PEAFORMED 

1.  Component  test  and  invest igat lone 

2.  Lubrication  aystem  axperimentation 

3.  Turbine  calibration  Including  performance  curves 

b.  Compressor  calibration  and  mapping 

5,  Heat  exchanger  performance  curves  development 

6,  Impingement  starting  teats 

7,  Thermodynamic  flow  experiments 

8,  Endurance  testing 

9,  Startup  and  shutdown  of  complete  system 

During  this  period  of  experimental  testing  the  system  pro¬ 
duced  up  to  106  KW  net  power  from  the  generator.  Under  the  parform- 
iiace  svaxuation  testing  of  the  system  at  least  90  separate  runs  were 
made  even  though  for  the  meet  part  the  net  power  produced  was  less 
than  10  KW,  Ths  testing  was  interrupted  many  times  in  order  to  cor- 
ract,  repair,  or  clean  tha  heat  exchanger  equipment.  Following  this 
phase  of  axperimentation,  thu  turbe-compressor  sat  was  modified  to  re¬ 
duce  the  effective  turbine  flow  area  and,  thus  Improve  the  match 
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b«tw««a  th«  turbiot  «nd  conprtttor.  At  th«  s«m«  time  it  vm  decided 
to  provide  eeparate  and  Independent  lubrication  ■ystems  for  the  tur* 
bine  and  conpreaaor  bearings.  After  these  and  other  minor  modifica* 
tions  the  system  was  reassembled  and  the  silver  seal  run-in  was  com¬ 
menced,  Eleven  runs  were  conducted  in  order  to  run  in  the  seal.  Nu¬ 
merous  runs  were  then  conducted  In  order  to  further  evaluate  the  tur- 
bo-eempressor  set.  Self-sustained  operation  was  easily  attained  and  a 
gross  output  of  approximately  130  KH  was  indicated.  The  turbine  was 
further  calibrated  and  the  investigation  of  compressor  surge  was  com¬ 
pleted  for  this  configuration.  The  next  step  was  to  evaluate  the  sys¬ 
tem  transfer  functions.  Significant  Information  was  developed  in  this 
area  but  the  investigation  was  not  fully  completed  due  to  further 
opening  up  of  the  recuperator  allowing  gross  internal  leakage. 

Through  all  of  this  testing  the  bearing  and  seal  system,  after  debug¬ 
ging  appeared  to  be  functioning  in  an  acceptable  manner,  and  after  the 
transfer  function  tests  tfere  terminated,  additional  endurance  testing 
was  continued  until  it 'was  felt  that  the  bearing  and  seal  system  of 
the  turbo-compressor  was  optimized  for  this  particular  system. 

During  the  experimental  test  program  the  following  maior 
modifications  were  made  to  the  GTTF  and  its  components:  1,  The  gas 
duct  from  the  heater  to  the  turbine  was  replaced)  2,  The  recuperator 
and  precooler  were  thoroughly  cleaned  and  repaired)  3.  Additional 
flow  measuring  devices  were  installed  in  the  loop)  4.  A  fixed  over- 
speed  device  was  added  to  the  turbo-compressor  set;  5.  The  turbo¬ 
compressor  set  was  modified  in  order  to  improve  the  match  between  the 
turbine  and  compressor. 

ANALYSIS  OF  RESULTS 

In  analyzing  the  x^aults  to  date  on  the  cosset  cloaed  cycle 
system  it  is  appropriate  to  comment  on  four  general  areas.  They  are 
sizing  of  equipment,  matching  of  the  equipment,  performance  of  the 
components  and  system,  and  the  analytical  methods  used  in  studying  the 
■yst^  and  its  components. 

The  sizing  of  the  equipment  in  a  compact  closed  cycle  system 
is  extremely  critic*! .  These  tu^bo-coi^>ressor  sets,  recuperators,  and 
tha  Ilka  are,  by  design,  light  weight  and  must  stand  extreme  tempera¬ 
ture  differences.  The  initial  TCS-560  was  limited  to  a  weight  o*  750 
pounds  »»hich  only  allowed  relatively  fragile  conatructlon,  Most  of 
the  problems  of  this  turbo-compressor  set  were  because  it  was  designad 
too  light  walght  and  could  not  stand  the  thermal  distortion.  Tha  heat 
exchangars  both  were  of  the  type  conetruetlon  where  thin-atrip  swtal 
was  in  contact  with  much  heavlar  sactiona  and  tha  thermal  distortion 
causad  excatsive  laakage, 

Tha  matching  of  tha  aquipment  can  be  made  much  easier  If  de- 
tailad  design  analysis  is  performed  prior  to  design,  during  daslgn.and 
even  continued  during  fabrication,  installation, and  up  to  final  testa. 
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PTfonawie*  of  th«  turbine  and  ee«pre»Bor  la  beat  In¬ 
dicated  by  the  eurvea  of Plgurea  8  and  9.  It  la  Important  at  thia 
time  to  generally  diacuaa  the  net  power  generated  by  the  ayatem  and 
the  many  factors  which  experimentation  haa  taught  effect  the  perform¬ 
ance  of  the  ccmpaet  closed  cycle.  Aa  noted  in  the  equation  of  Table 
3»  the  effect  of  pressure  loss  orer  and  above  the  design  AP's  of  the 
system  Is  devastating  on  the  net  KV  output.  It  la  noted  that  the 
greatest  pressure  loss  effect  Is  In  the  low  pressure  side  of  the 
system  which  effectively  Increases  the  compressor  pressure  ratio  and 
power  required  to  drive  the  compressor.  The  losses  In  the  high 
pressure  side  of  the  loop  further  reduce  net  work  by  lowering  the 
expansion  ratio  and  grosa  turbine  power  generated.  It  is  obvious  that 
nany  decreass  In  sxpected  sffleiency  will  adversely  effect  the  net 
power  generated.  One  significant  contrlbuter  to  a  net  power  defic¬ 
iency  Is  reduced  flow  through  the  turbine.  Any  internal  leakage  in 
the  recuperator  will  have  the  same  effect  as  a  turbine  bypass  which 
reduces  the  gross  output  of  the  turbine.  Another  type  bypass 
of  the  turbine  was  seen  when  thermal  distortion  caused  excessive  leak- 
mge  around  the  turbine  etages.  It  has  been  demonstrated  that  the  ae- 
windage  and  parasitic  losses  were  reasonably  higher  In  the  closed 
jcyele  syetam  than  was  expected,  again  reducing  the  net  power  of  the 
-T«yetem.  The  closed  cycle  gas  turbine  power  plant  may  be  rmsldered 
"to  hsve  an  Infinite  number  of  stable  operating  points,  end  e  change 
any  system  parameter  stimulates  the  system  to  readjust  any  neces- 
-is^bmary  pretsuree.  temperatures,  fl.ows,  speeds,  and  so  on,  until  some 
I  "  "^Inew  stable  operating  point  le  found  where  all  equations  of  balance 
rr^:  lare  again  satisfied.  It  has  therefore  been  realized  thnt  each  compon- 
mnt  In  a  compact  closed  cycle  loop  affects,  and  is  effected  by,  the 
"  "performance  of  every  other  component  In  the  loop. 

The  analytical  methods  used  In  studying  the  system  and  Its 
have  proved  very  Infometlve  when  the  appropriate  parame- 
^  ^  could  be  measured  to  any  degree  of  accuracy.  Although  a  minor 

-  aa»ount  of  analysis  was  conducted  during  the  perfoimlng  of  an  experl- 
m^  in  order  to  establish  that  the  obtectives  of  the  experiment  were 
satisfied,  In  general  the  reduction  of  data  and  analysis  of  data 
Is  started  at  the  completion  of  the  experimental  run.  Data  reduction 
was  performed  with  an  FCA  301  computor  using  a  special  data  reduction 
code  developed  for  this  purpose.  The  conclusions  and  performance 
analysis  were  then  made  from  a  review  of  the  data  reduction  process. 

CONCLIJSION 

In^__conc3jj8lor^  it  should  be  brought  out  that  considerable 
experimental  testing  should  be  performed  on  Tompact  KK  process, 
but  the  reeulte  of  the  Initial  experl mental  work  to  date  have  shown 
that  the  compact  closed  gas  cycle  employing  the  basic  aerothemody- 
nsmlc  principles, as  discussed  In  the  paper, can  provide  the  military 
with  an  efficient  ccmpaet  reactor  system. 
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lETROOUCTlOM 

Tha  olasaioal  thaory  of  aiaatloity  and  plaatlelij  |>ra4iot 
that  hydroatatlo  prasaura,  ragardlaaa  of  nagnituda^  will  not  oanaa 
plaatle  dafomatlon  or  affaot  ylaldlng  and  flow  oharaotarlatloa. 
Howarar,  tha  pradiotiona  of  alaatiolty  and  plaatlolty  ara  pradloatad 
upon  Idaal  aatarlala  or  eontlnwB  which  oftan  dlffar  naricadly  f^roa 
raal  natariala.  In  eontraat  to  thaory  than,  it  nay  ba  poaaihla  that 
aufflclantly  high  praaauraa  hara  acaa  pamanant  affaot  on  tha  aaohan* 
ioal  and  structure  oharactarlatlea  of  natala.  It  ia  tha  purpoaa  of 
thin  Inraatigation  to  axanlna  two  aapaeta  of  tha  affaeta  of  liorga 
hydroatatlc  praaauraa  on  natala  tha  affaota  on  atruotura  and  duo- 
tmty. 


In  conaidaiing  how  hydroatatio  praaauraa  night  affaot 
atruotura,  whara  tha  atruotura  rafarrad  to  ia  nioroatruotural  aa 
would  ba  riaibla  through  an  optical  nioroaoopa,  ona  ia  ranindad  that 
tha  phyaieal  and  nachanioal  propartiaa  of  natala  ara  oftan  anlao- 
tropic.  Tha  alaatio  proparty  llnaar  eonpraaalbility,  which  la 
daflnad  by  tha  cryatallographic  ralatlonshipai 

Sll  +  2Si2 

®11  +  +  S13  -  (Sii  +  Si2  *•  Si  -  S33) 

for  tha  cubic  and  non-eubic  oaaaa  raapactiraly,  can  vary  wjdaly  frcn 
ona  cxyatallographlo  diraotlon  to  ano^ar  for  noa-cubic  natala 
dapanding  upon  how  graatly  tha  coaffloiant  of  tha  dlraotion  ooalna  y 
davlataa  fToai  aaro.  Slnca  tha  diraotlon  coalna  doaa  not  appaar  in 
tha  ouble  ralationahip,  tha  e\ibic  natala  ara  iaotropie  with  raapaot 
to  linaar  oonpraaaibillty. 
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Thar*  ara  no  ■acroooopio  ahaar  atraaaaa  aaaooiatad  with 
tha  aapomara  of  aatala  to  fajilroatatio  praaaurat  thua  no  ■aeroaeopie 
plaatlo  flew.  HoiraTar,  in  tha  easa  of  tha  polTorjataUlna  fom  of 
thoaa  noa-ouble  aatals  axhibltlsg  anlaotrop^  in  tha  linaar  ooapraaa- 
ibilltj,  an  tspoaad  hjdroatatie  praasura  will  induoa  ■loroaoqiiio 
ahaar  atraaaaa  at  tha  grain  boundailaa.  If  tha  dagraa  of  aniaotroev 
la  graat  anough  and  tha  graln<4Mnindar7  angla  larga^  aoffioiantl^  hl^ 
hydroatatio  praaauraa  aay  raaalt  in  ahaar  atraaaaa  in  tha  boundariaa 
aanaading  tha  eritieal  raaolvad  ahaar  atraaa^  in  which  caaa,  aioro- 
ae?|de  plaatio  daforaation  will  raault. 

Johannin  and  YklO-)  obaaraad  tha  oooorranca  of  awh  dafor¬ 
aation  in  oadbaiia  at  low  praaauraa.  Daaidaon  and  Hoaan(2)  obaax*Tad 
aloroaoopio  dafoiaation  in  poljerTatallina  biaauth  to  praaauraa  of 
30  kilobara.  In  thia  praaant  inTaatigatlon«  aaTaral  aatala  of  wariad 
dagraaa  of  aniaotropj  in  tha  linaar  oaapraaalbiUty  ara  axaainad  to 
▼ary  high  praaauraa  in  ordar  to  aatabllah  undar  what  conditiona 
hydix>atatie  praaaura-indnoad  dafomation  oan  ooour  and  ita  fona  aa  a 
fttnotion  of  atmotura  and  aoda  of  daforBatioo. 

Baaad  on  tha  work  of  Brid9un(3)  and  Pu^(4),  tha  dnotility 
of  aararal  aatala  ia  known  to  ineraaaa  whan  axtanalon  la  parforaad 
undar  a  hydroatatle  praaaura.  Uaually»  tha  duetilitT  incraaaaa  nora 
or  laaa  linaarly  with  atq)ariJ4»aad  praaaura.  Pugh(4;  obaarvad  in  tha 
oaaa  of  slno  and  blaanth  that  tha  ductility  Ineraaaad  abruptly  ovar  a 
▼ary  narrow  proaaura  ranga.  part  of  a  broad  progran  aaaociatad 
with  tha  atui^  of  tha  affaot  of  praaaura  on  daforaation  charaotar- 
iatiea,  in  thia  currant  wozic  tha  affact  of  praaaxira  on  tha  ductility 
of  thraa  highly  brittla  aatala  ia  axaadLnad. 

FROCBDVRI 


Tha  hydroatatio  praaaura  ayatam  utllisad  in  thia  InToati- 
gation  ia  ahown  aehawatioidly  in  Figura  1.  It  ia  a  aodlfiad  Bridgnui- 
Biroh  typa  darioa  oapabla  of  oparatlng  to  praaauraa  of  ipproxlnataly 
40  kilobara.  Praaaura  ia  prodnoad  by  driaing  tha  platon  into  tha 
3/4  inch  oaTity  ^  aaana  of  a  hydraulic  iack,  Tha  iwiar  praaauro 
oylindar  ia  taparad  on  tha  aoctarior  aurfaca.  Tharafora,  aa  tha 
intamal  praaaura  ia  ineraaaad,  tha  lower  Jack  forcaa  tha  inner  eyl- 
Indar  into  tha  taparad  cavity  of  tha  raatralnlng  Jacket.  In  thia 
nannar,  tha  large  praaaura  atraaaaa  in  tha  inner  oylindar  ara  counter- 
acted  and  tha  cylinder  raBaina  alaatie  up  to  tha  praaaura  linit.  Tha 
bottcB  oloaura  parBita  tha  introduction  of  aavan  laada  into  tha 
praaaura  oarity  for  Tarloua  praaaura,  tBsparatura  and  alactrieal 
BaaaurBwsnta.  Fraaaxira  ia  aaaaurad  by  Baana  of  a  nanganin  coil  in 
oonjunotlon  with  a  Fojdx>ro  lacordar. 

Tha  atudy  of  praaaura-lxtduoad  Bioroacopio  dafoz«ation  waa 
aooGBi^ahad  by  aatallographically  preparing  ^a  aurfaca  of  email 
WBiplaa  prior  to  praeaurlaation.  Sinoa  the  praaaura  Badiisn  uaad  waa 
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llqpild,  Um  prcpftrad  0arfae«.  mi  not  rtmtfd  dturlac  pr«MnarlMtlio 
•nd  ootdd  b«  mwliwl  (tirMtl/  4ft«r  rmoval  ttcm  tb*  prvmuri  o«ll 
without  furtbor  priiwratloti.  For  oitobU^ilnf  tbo  rolo  of  tbo  digroo 
of  ioiootropF*  poljoryitallliM  Zn,  Cd,  So,  Al>  Zr,  1^,  and  Cu  woro 
•TiMiiniid  proiroMlTolT  to  prMHVLrM  of  ^  klloh»i»«  ojmMt  whoro 
otborwiii  Dotod. 

To  dotoimliM  anjr  roildnol  offoet*  on  ■tohonlool  proportlM 
roiultins  fron  tbo  prooouro  oFoling  of  on  aniootrople  poiTOXTStolUno 
MoUl,  0  group  of  lins  tonoilo  opooimno  woro  prooourlsod  to  Z>  kllx>> 
boro  with  oubooquont  toiting  in  on  Inotron  tonoilo  aoohino.  Tho  sine 
utilisod  oontolnod  moll  odditiono  of  Fo  ond  Cu  to  roioo  tho  roexx*- 
toUisotion  tobporoturo  oboTo  mbiont. 

Tho  oonduot  of  tbo  tonoilo  tosto  undor  o  ouporiapoood 
prooouro  in  ordor  to  nooouro  tho  offooto  of  prooouro  on  duetilitj  woo 
by  mono  of  tbo  oogmntod  ojlindriool  Foiw  ooomblj  shown  in  Figuroo 
2k  ond  2B  in  tho  dioooo«blod  ond  ooooohlod  eondition  roopootiTolj. 
Thio  tonoilo  fixture  fits  into  tho  prooouro  coil  ond  boors  ogoinot 
tho  bottooL  oloouro  os  shown  in  2B,  Two  of  tho  fixture  oogmnto  ore 
supported  bj  tho  oloouro  ond  grip  tho  top  shoulder  of  tho  tonoilo 
opoolmn.  Tho  rouoining  two  ooffoonto  bo^  ogoinot  tho  bottooi 
shouldor  of  tho  opocimn  ond  ore  forood  doHnword  bs'  tho  forword 
notion  of  tho  prooouro  piston.  In  this  mmor,  o  tonoilo  otrooo  is 
oxortod  ca  tbo  oonplo.  Tho  toot  is  oondnotod  ot  o  oonotont  dioplooe* 
■ont  rote  of  0.0S>  inAtn. 

To  nininiso  prooouro  rise  (hiring  tho  oonduot  of  o  tonoilo 
toot,  o  hydrouU.o  pioton-ojlindor  intonoifior  dorioo  is  inoortod 
botwoon  tbo  prooouro  piston  ond  tho  Boring  fixture  oogoonto.  Thio 
intonoifior,  idiioh  is  ohofwu  rooting  on  top  of  the  tonoilo  fixture  in 
Figure  2B,  anplinos  tbo  piston  disploemont  by  o  foetor  of  10.  Thio 
onplifior  woo  not  used  in  thio  ourront  work  ot  prooouroo  oboro  5  Idlo- 
boro. 


Although  not  of  portioulor  iaportonee  to  tho  ozporiBsnto 
oooooiotod  with  thio  work,  opociBsn  otroin  ond  lood  oon  bo  Booourod 
intomoUy.  Strain  is  Booourod  by  o  slide  wire  Bountod  on  one 
oogBont  of  tho  fixture  which  form  two  sides  of  o  Whoototono  bridge 
with  on  oxtomol  holipot  oat^tlotlng  tho  bridge.  load  eon  bo  Booourod 
by  o  otroin  gage  bridge  Bountod  on  tho  rodueod  oootion  of  tbo  aoToble 
fixture  oogoonto. 

Tho  aotoriolo  utilisod  for  tho  eooduot  of  tho  ojqporlsNnt 
woro  00  foUowoi 

o.  Zinc,  ,3$  Cu,  .005^  Fo  >  hot  rolled  ond  onnoolod  pinto, 
b.  Tungsten  -  3/S  inoh  swaged  ond  otrooo  roliorod  rod. 
e.  Mog^iuB  >  3A  inoh  hot  oxtnidod  rod. 
d.  10L5  Stool  -  water  (qpionohod  froa  15?0*F  ond  untooporod. 
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TIm  Mfnltud*  of  th«  leeallBod  dofomation  Induood  9j  tb« 
lundroatatle  proaauro  Midsi*  for  tho  s^tals  isTsstlgatod^ 

ranflac  from  non*  at  tha  paak  praaaura  to  vary  aavara  at  ooljr  a  fair 
kllobara.  Fi^ura  3  ia  t^^oal  of  polTorTatallina  slae  aa  a  raault  of 
aapoavura  to  praaaoraa  to  Z>  kllobara.  Aa  oan  ba  notad,  tha  dafonaa- 
tied,  orlt^nidly  locaiiaad  along  tha  grain  boundarlaa,  initlataa 
balow  5  kllobara  and  inoraaaaa  In  IntanaltF  with  Inoraaalng  praaaura. 
At  tha  hli^ar  praaauraa^  aubatantial  twinning  ia  alao  obaarrabla.  It 
la  Intaraatlng  to  nota  that,  baaad  on  prior  work(2)^  no  twinning  waa 
indnoad  in  blannth  aa  a  raa^t  of  praaaura  asqpoaura  although  it  la 
tha  prinaiT'  aoda  of  dafomatloo  at  atanapharlo  praaaura.  Thua,  it 
la  poaalsla  that  a  auparl«poaad  praaaura  miF  an  affaet  on 
twlwlng  propanaltj  In  aoaa  natala. 

f/pioal  appaaraneaa  of  tha  praaaura-lnduoad  dafomatloo  In 
oadalvi  and  tin  at  tha  paak  praaaura  ara  ahown  In  Flguraa  4A  and  4B 
raapaetlTalj.  In  tha  oaaa  of  oadaiiai^  tha  dafomatloo  la  qulta 
aarara  with  axtaoalTa  twinning.  Tin,  howawar,  raquirad  a  praaaura 
aapoaura  of  26  lrJ.obara  In  ordar  to  Initiata  tha  daforoation  ahown> 
whloh  la  boondanr  adgratloo.  Ko  dafomatloo  waa  obaarrad  in  tha 
rmaln^ng  aatala  inwaatlgatad. 

I 

Tha  Mgnltuda  of  the  dafomatlon  obaarrad  aa  a  function  of 
tha  dagraa  of  aniaotropj  in  tha  linear  ocaqsraaolblllty  la  aionariaad 
in  tha  folio* 'Ing  tabla. 


LIOAR 

CRISTAL 

CCKFRBSSIBILITr 

mORlE  GP 

KAmiAL 

sniocmm 

RATIO  la/U 

DlFCRIttTIGF 

CadmiUM 

H.C.P. 

11.25 

Sarara 

Zlno 

H.C.P. 

7.50 

Farara 

XasTtaaiun 

K.C.P. 

1.04 

Nona 

Zirooolm 

Bl«Mth(2) 

H.C.P. 

1.05 

Mona 

khoai. 

2.30 

SaTara 

Tin 

Tatra. 

1.12 

Slight 

epppar 

P.C.C. 

1.00 

Mona 

AluBinna 

F.C.C, 

1.00 

Nona 

Tha  aaaaura  of  tha  dagraa  of  anlaotropy  la  tha  ratio 

of  tha  linear 

ooapraaalbility  in  tha  "e* 

direction  to  that  in  tha  ' 

•a*  dlraotloo. 

Aa  can  ba  noted,  tha  propanalty  to  dafom  under  praaaura  ralataa 
dlraotlj  to  the  dagraa  of  anlaotropgr.  No  dafomatloo  waa  obaarfad 
in  tha  oaaa  of  tha  ouble  iMtala  wLloh  ara  totallj  iaotroplo  ax^  in 
aagnaalm  which  la  naarlj  Iaotroplo.  Tin,  whloh  la  only  all^tly 
anlaotropLo,  raquirad  a  praaaura  of  26  kllobara  to  produoa  only 
all^it  dafomatloo.  The  hlgidy  anlaotroplo  bimuthvl),  ginc  and 
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omIkIuk  fodxibitad  mtvt*  dafozaatloB  IniUatlnf  at  low  praaanra 
larala.  Baaed  on  the  raaulta  In  tln»  Boat  probably  naipeaiaB  woald 
alao  dafora  If  it  ware  axpoaad  to  aul^tantlally  hl^bar  pcraeattraa  than 
vsed  in  thia  aspariasnt. 

Aa  far  aa  the  effaot  of  praaaura  07clii4  on  raaidoal 
Bachanioal  propartiaa  la  conoamad^  one  woald  not  aapaot  to  aaa  aiy 
property  ohanfa  In  a  alngla  phaaa  iaotrpplo  tr  nearly  laotroplr 
Mtarial  ainoa  there  would  be  no  nioroaoopio  ahaar  atraaaaa  to  oanaa 
•truotural  Bodlfloationa .  Thia  haa  bean  borne  out  by  Perron*  a( 5) 
raaulta  on  BacnaaioB  and  altadnuii  to  praaauraa  of  13.8  kllobara. 
Howaaar,  whan  one  oonaldara  a  sulti-phaa#  Batarlal  in  whieh  there  la 
a  subatantial  diffaranea  in  the  alaatio  propartiaa  of  the  two  phaaaa^ 
or  a  polyoiyatallina  oniaotropio  Batal>  praaaara  oyol^ng  aifht  hare 
an  effaot.  RadcliffaCb)  found  a  loaa  in  the  abarp  yield  point  Is 
annealed  nild  steal  praaaura  oyolad  to  praaauraa  of  25  kllobara  at 
anbiant  toaparatura.  Thia  lowarind  of  the  yield  atransth  haa  bean 
attributed  to  ahaar  atraina  is  the  ragioo  of  the  oarbida  and  ferrite 
phaaa  boundariaa  due  to  diffarancaa  in  eoiipraaaibility. 

SuBsariaad  below  are  the  aaarafa  and  data-apraad  ealraa 

for  flow  atraaa  at  1  percent  strain,  ultlnata  tensile  strength,  and 
elongation  for  eaoh  aix  praaaura  and  un-itraeaura  oyolad  polyozyatal- 
lina  tino  tanalla  spaoiaana. 


PLOk  snoss 
_ imi ,  ■ 


ULTIXATB 
TSISIXJB  8TSDDTH 
_ igl} _ 


Praaaura  Cycled  14,329 

(20  kllobara)  (U,000-15,025) 


18,183 

(17,800^,600) 


65.8 

(57.5-76.0) 


Un~praasura 

Cyolad 


13,160 

(13,000-13,500) 


17,667 

(17,500-18,010) 


63.0 

(61.5-65.0) 


Aa  oan  be  noted  fron  the  above,  there  appaare  to  ba  a 
sli^t  tandaney  for  praaaura  cycling  to  inoraaaa  the  iK  flow  atraaa 
and  ultisata  tanalla  strength  by  8.9  and  2.8  paroant  reapaotively 
baaad  upon  the  arerage  value.  However,  the  change  ie  SBall  and  oould 
be  readily  accounted  for  br  experlBontal  error,  particularly  is  tba 
caaa  of  the  ultlaate  tanaile  strength.  The  only  real  diffareooa  is 
elongation  appaare  to  be  Inoreaeed  data  scatter  in  the  case  of  tba 
preaaxuw  cyolad  natarlal. 


Ons  aicdit  nxpaot  that  tha  praaaure  Induoad  atraisa  Is  tha 
regleo  of  tha  grain  boundariaa  sight  result  is  tba  ooourrenoa  of  tba 
Bausohinger  Xffact,  l.a.  tha  lowering  of  flow  atraaa  in  tha  loadii^ 
diraotlcn  oppoaita  to  that  aasoolatad  with  initial  straining.  Tha 
fact  that  praaaura  cycling  did  not  daoraaaa  flow  atraaa  indicatas 
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that  tkM  airalii*  ara  not  auah  aa  to  Tlald  aa  aaorafo  otrain  thiA 
wottI4  Midfoat  Itaolf  bgr  a  rodaotion  in  tba  tanalla  flow  atroaa. 

In  eoniraot  to  proaouro  OTolinSf  a  oipanwiioood  qydiwataiio 
prooouro  oan  havo  a  fxrooovnood  offoet  on  oqbo  of  tka  ■oehanleal 
proportioa,  tba  principal  ana  balac  dnetllitj.  In  Fignra  5  ia  riKNai 
tha  paroant  radnetioii  in  area  aa  a  fpnotion  of  praaaura  for  tba  thraa 
aaWa  Inraatlcatad  in  thia  anrrant  work.  Alao  abown  for  oaapariaon 
porpoaao  ia  a  ovorra  fron  Pu^vL)  for  aine,  aloeg  witb  aoaa  data  for 
tba  fiiBe  uaad  in  other  phaaaa  of  tbia  otirrant  weak. 

It  aboiUil  bo  ootad  tipt  tha  praaaora  aarlaa  arMoahat  darinf 
tha  oondoet  of  a  toot  doa  to  tha  apaciiwB  diaplaamwit  baiag  Induead 
bx  aoTMoct  of  tha  nain  praaaora  pdaton.  Balow  5  kilobara,  tha 
dJaplaoMont  Mpliflar  ratalna  tha  praaaora  affaotlaaly  acnatant. 
Above  5  kilobara^  tha  praaaora  maj  varp  by  5-45  paroant  dapandlng 
opon  tha  nocnitoda  of  tha  atraln  to  fTaotura  for  tba  natarlal.  In 
^a  eaaa  of  tba  nora  bxlttla  natarialOf  i.a.  ataal  and  tonsitan,  tba 
praaaura  did  not  wary  by  nora  than  kilabaro,  aaan  at  tha  Mghaat 
praaaora^  doa  to  tha  low  total  alongationa  Involved.  The  data  pointa 
abown  oorraaponl  to  tha  praaaora  at  tha  onaat  of  apofilaan  atraln. 

Aa  can  ba  aaan«  tha  radootioa  in  area  for  aegneriqn 
Inoraaaaa  nora  or  laaa  oontlnoooaly  with  praaaora  fron  at  ataoa- 
pharie  to  68%  at  approxlnataly  20  kilobara.  Tbara  ia  aona  tand«K>f 
for  tha  praaaura  affaot  to  lava!  off  at  tha  hi|i.ar  praaaura,  but 
thia  nay  bo  dua  to  tho  difficulty  of  praoiaaly  naaaurinc  vary  largo 
raduetiona  in  area. 

In  oontraat  to  nagnaaion,  aino,  tungatan,  and  tba  1045 
ataal  with  an  untanparad  nartanaltie  atruotura  undargo  diaoootinttooa 
ohangaa  in  daetiUty  with  praaaura.  Inoraaalng  praaaura  haa  no 
affaot  on  duotility  up  to  a  givan  laval  after  which  there  ia  aa 
abrupt  laeraaaa.  For  tha  caaa  of  sino(4/,  tho  raduotioo  in  area 
ohangaa  fron  an  ataoapharle  praaaura  Talua  of  6  parcant  to  100  par- 
oant  over  a  vary  narrow  praaaura  raaga  at  approadnataly  1  k1  lobar. 
Tungatan  and  1045  ataal  ahow  no  praaaura  affaot  on  ductility  up  to 
in  asoaea  of  5  and  10  kildbara  raapootivaly.  Above  thaaa  praaouraa, 
thara  ia  a  auddac  inoraaaa  in  ductility  to  48  porcant  raduotion  in 
area  for  tho  tungatan  at  15  kilobara  and  62  paroant  for  tha  1045 
ataal  at  20  kilobara.  Juat  how  abruptly  tha  tranaitioo  actually 
ooouro  la  tha  aubjoot  of  currant  atudy. 

Tha  ayatanatlo  Inoraaaa  in  duatility  with  praaaura  haa  baan 
attributed  to  tha  affaot  of  a  auporSapoaod  hydrostatic  praaaura  on 
tha  axtmaion  of  voids  found  in  tho  region  of  tha  neck  of  a  ductile 
type  fracture.  Why  certain  natala,  auoh  aa  tboaa  cited  above,  undar« 
go  abrupt  transitions  la  ductility  ia  uncertain.  Ptt^(4}  explains 
the  pbanonenon  on  the  baaia  of  tho  ahapo  of  tho  true  atraaa-atraln 
curve  by  poatulatlag  that  if  the  plaatio  region  is  flat,  i.a.  low 
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•trftln  hftTtliolaf  thmj.  w  «br«7t  «hAi««  )>  daetllitj 

<iinr»r  MM  narrow  praawara  raglon  will  oooor.  Howawar,  all  of  tha 
natarlalo  aahthlti^^^n^A  p^^aum  inciuoad  daotila^brittla  trana- 
itiona,  i.a.  biaantiixH/,  eino(>»),  tui^ataa,  anri  1045  ataal,  alao 
undarfo  tfuratnra  Inluoad  brlttlaHluetlla  tranaitlooa  at  aona 
t«qparatnra  abora  awbiant.  It  la  propoaad,  tharafora,  that  tha 
obaarrad  praaaura  induoad  tranaltiona  ara  aoaa  aanifaatatlce  of  tha 
wall-kncMn  tranaltiona  that  ooour  at  atjaoapharlo  praaaara  aa  a 
fttnotlon  of  taaparatura;  tha  anparlapoaad  praaaura  aarylM  to  lowar 
tha  tranaitlon  taaparatura  to  aiblant.  OalH  and  Olbbat?)  obaarrad 
that  tha  brittla-dtuotila  tranaitlon  t«a|>aratura  of  aolarbdania  waa 
aotnally  lowarad  9P*G  bf  a  auparlapoaad  hTdroatatle  praaaura  of  1.4 
Id^obara,  which  landa  aoaa  oradanoa  to  tha  lattar  argUMOt.  Rowarar^ 
whathar  praaatira  haa  Inducad  a  naw  phaocawoon  or  whathar  it  la 
dlraetlj  ralatad  to  tha  wall-known  brlttla^tuotlla  tranaltiona 
obaarrad  In  nanj:  body-oantarad  cubic  and  baaagonal  oloaa-i>ackad 
aatala  at  ataioapharlc  praaaura  auat  await  tha  ooa9)lation  of  currant 
praaaura-tMparatura  atudiaa  on  ductility. 

Tha  draatlc  anhanoanmit  -  uha  dootility  of  othamlaa 
brittle  aatarlala  by  a  auperli^nsad  hydrostatic  praaaura  la  alao  of 
great  practical  eij^flcanoe.  .It  hhs  forsMd  tha  baala  for  a  hy'dro-* 
static  fluid  extrusion  prooaaa(^)  by  which  it  haa  baan  poaalbla  to 
extrude  nany  naterlala  auccaaafUlJy  at  oblant  teoparatura  that 
noraally  require  hi^  teiaperaturaa  using  oonrantional  rm  type 
tachnlquar.  In  addition^  som  Inraatlgatora  ara  alao  exanlnlng  tha 
poaalbla  anhanoanant  of  natal  flow  cbaraotarlatlca  in  oloaal-dia 
forging  and  drawing  by  xuilng  a  auparinpoaed  hydroatatlo  praaaura. 

CGNCUISIONS 


1.  Under  certain  conditions,  sufficiently  high  hydrostatic 
prsBsuraa  can  lnd\ios  localised  nloroeooplc  defomatlon  In  poly- 
orystalllne  netala.  Based  on  the  exwlnatlon  of  tha  effect  of 
hTdrostatlc  pressures  to  2S  kilobarc  on  eereral  cubic  aetale,  tha 
oceurranoe  of  such  defomatlon,  which  in  tha  ear3j'  stegae  is 
looelisad  along  grain  bcundarlas  and  Inoraaaae  in  sararlty  with 
Inoraaalng  praaaura,  results  fron  nioroscoplo  shear  atraeaae  arising 
froB  anisotropy  in  tha  linear  ooMpraaalbility.  A  direct  relatloo- 
ehip  «dats  between  the  aererity  of  the  defozmation  and  the  degree  of 
anisotropy.  Baaed  on  this  relationship,  netala  axhibitlng  swan 
all^it  darlation  frea  total  isotropy  in  linaar  oonpreaaibility,  whioh 
is  the  case  for  noat  non-cubio  natale,  will  wdergo  such  dafomatioii 
if  tha  superlnpoaed  praseure  is  high  anou^. 

2.  Praseure  cycling  to  20  kilobara  slightly  Inoraaaae  tha 
flow  straes  of  polyorystallina  sine.  Tha  tanaila  strength  and 
ductility  ara  not  raproduoibly  affected.  Tha  fact  that  tha  flow 
atrasa  is  not  daoraaaad  Indioataa  that  tha  sTaraga  nioroaoopie  strain 
aaaooiatad  with  the  anlaotrcpy  induoad  abaar  atraaaaa  la  not  such  aa 
to  result  in  tha  ocourranca  of  tha  Bauachlnger  Effect. 
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3.  bM  bMn  obsATTKl  ijD  oUMr  maXwitO^,  th*  (tuotillt7 
of  ■MtHMloB,  tun^ioton  «od  104$  olool  with  an  usttnparod  Kartonaitlo 
•truoturo  1*  draotieally  anhaiwd  whu  ft-aeturo  u&dor  •  Super- 
laposod  Itjtlroetstlo  prossors.  In  the  oese  of  Meci^eelai,  the  roduo- 
tlon  In  ere*  InoroMOo  oontlnuouely  frcai  the  ataospherlo  preaaure 
Tcaue  of  $  percent  to  66  percent  at  19  kilotare.  In  oontraat,  the 
reduction  In  area  of  tungeten  and  1G45  ateel  dooa  not  Increase 
oontlnuoualj,  but  la  unaffected  up  to  a  orltloal  preaaure  lerel  after 
which  It  abruptly  Inorea^&a  to  50  and  60  percent  respeotleely.  These 
■atariala  are  also  known  to  undergo  ahrtipt  brlttle*^otile  trana  - 
Itleas  as  a  function  of  taaiperaturef  thus  lndioat.»ng  that  the 
preaaure  induced  tranaltlon  nay  be  directly  related  to  the  atnoa- 
pherlo  preaaure  phenoaenon. 
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Figure  1  SCHaWTIC  OF  HIDROSTATIC  PRESSURE  SISTEl? 
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AB^Qoboranee  are  conventional!/  ll!uatrated  t/  tbe  iMialc 
atnacture  ;  hydx’ogen  and/or  organic  groupa  are  attached  to  the 

nitrogen  and  to  the  boron.  To  understand  the  chenleal  and  physical 
behaviour  of  these  compounds^  the  fundamental  character  of  the  ^N 
bond  Bust  be  considered. 

Primarily,  there  exists  only  one  nonal  covalent  bond  (l), 
providing  an  electron  deficiency  on  the  boron.  Naturally,  this  pre¬ 
sents  a  very  reactive  state,  which  can  explain  most  of  the  chemical 
reactions  of  amlnoboranes.  Peu*tlcipatlon  of  the  free  electron- pair 
of  the  nitrogen  In  the  B-N  linkage,  however,  promotes  double  bond 
character  (II)  as  the  electrons  then  residue  In  ir-orbltals. 

-N--B-  si 

I  II 

A  special  aind  of  double  bond,  where  one  pcurtner  Is  respon¬ 
sible  for  the  contribution  of  three  electrons  to  the  bond.  Is  highly 
Important  In  such  situations.  A  convincing  expierlmental  proof  of  the 
double  bond  in  most  cases  depends  upon  recognition  of  the  parts 
played  by  bond  disteuices,  bond  forces  and  the  mechanism  of  chemical 
reactions.  In  consonance  with  certain  empirical  rules. 

Pxanar  arrangement  of  its  three  bonw.3,  according  a  sp^- 
hybridization,  enables  the  free  electron-pair  of  the  nltrog^u  to 
partlclp>ate  as  ir- electrons  In  the  double  bond  of  amlnoboranes. 

Such  a  planar  arrangement  of  the  nitrogen  bonds  in  boron  ccxapounds 
has  been  established  for  amlnoboranes^  as  well  as  for  borazlne^  and 
boron  nitride^.  Furthermore,  spectroscopic  Investigations  of  amino- 
boranes*  provide  evidence  for  the  double  bond  character  of  the  B-N 
linkage . 

In  reference  to  the  bond  moment,^  however,  three  electronic 
structures  are  necessary  to  describe  the  B-N  bond  of  amlnoboranes 
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accordlQC  to  Pauling '•  theory. 


II 


III 


Which  of  these  structures  predominates  should  depend  on  the  nature  of 
the  Bubstituente  bonded  to  the  basic  structure^ 


Since  a  boron-nltiogcn  grouping  is  Isosterlc  and  Isoelec- 
tronlc  with  a  carbon- carbon  grouping, 6  amlnoboranes  have  been  com¬ 
pared  with  analogous  ethylene  compoundB.  More  than  a  quarter  of  a 
century  ago  Langmuir^  suggested  the  correspondence  of  laeltlng  and 
boiling  points  as  a  sensitive  criterion  for  the  similarity  of  mole¬ 
cules.  Indeed,  pliyslcochemicsil  properties  of  alkylated  aminoboranes 
are  in  close  agreement  with  those  of  the  corresponding  ethylene  de¬ 
rivatives.  This  relationship  auggests  a  consistent  tendency  of  the 
TT-electrons  of  the  nitrogen  to  participate  in  boron- nitrogen  bonding 


Assvning  it  is  reasonable  to  cempare  the  structures  of 
aminoboranes  and  ethylenes  and  assuning  a  B-N  double  bond  is  existent, 
cls-trsLns  ieoiaerism  should  be  possible  in  this  particular  system, 
since,  under  these  circumstances,  rotation  around  the  B-N  axis  would 
be  hindered.  The  mlnimun  condition  for  such  sji  occurrence  resi  .as  in 
the  presence  of  two  different  substituents  attached  to  the  basic 
structure  in  the  proper  spatial  arrangement,  i.e.,  two  groups  bonded 
to  the  boron  which  are  different  between  themselves  but  which  are 
identical  to  the  two  substituents  on  the  nitrogen,  e.g.,R^R^N-B«B%^ 

The  preparation  of  organic  substituted  aminoboranes  through 
the  rerotion  of  Grignard  compounds  with  (amino) -dichloroboranes  has 
been  reported. ^  The  disadvantage  of  this  method  resides  in  the  con¬ 
sistently  simultaneous  replacement  of  both  chlorine  atoms  by  identi¬ 
cal  organic  groups.  A  stepwise  replacement,  affording  amlnoboretnes 
with  either  an  organic  group  and  a  chlorine  atom  or  two  different 
organic  groups  attached  to  the  boron,  was.  not  reeu-ized. 

The  general  equr.tion  may  be  expressed  as 

2RMgX  +  ClgB-NR'R"  ~-*R2B-NR'R"  +  MgClg  (l) 

The  reaction,  however,  seems  to  be  more  complex  as  is  indicated  by 
the  formation  of  small  amounts  of  unidentified  volatile  boron  com¬ 
pounds  which  may  ignite  spontaneously  or  explode.  Since  amino- 
dlchloroboraaes  are  easy  to  prepare,  the  reaction  penults  great 
variation  of  synthesis. 


Aminoboranes  with  two  different  substituents  attached  to 
the  boron  can  be  prepared  by  an  alternative  procedure:  Dlchloro- 
^rganoboranes  react  with  secondary  amines  to  yield  (aBiiX))-Bono- 
chloroboranes^ 


RBCI2  +  HNR^  — »  RCIB-NR^  +  HCl 


(2) 
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and  it  vas  also  found  possible  to  disproportionate  equimolar  amounts 
of  a  bisaminoborone  with  a  dlchloroborane^®. 

RSClg  +  RB(r»R2)o  — •  2  RCUB-NR^  {3) 

Treating  the  (8ffllno)-iaonochloroborane  with  Orignard  or  organcaaetallic 
reagents  then  produces  the  desired  unsynsaetrlcally  substituted  omlno- 
bcrane.  If  an  untynauetrieal  secondary  amine  is  utilized  in  this  re¬ 
action  sequence  a  coinpletely  unsyaaaetrlcaj  tetraorgano  substituted 
amiuoborane  can  be  obtained. 

RpN-B(Cl)(C^H5)  +  R'MgX  - -  R2N-B(R  ' ) (C^^Is)  +  O-ShfeClg  +  0.5MsX2  (4) 

The  availability  of  a  great  veu'lety  of  substituted  amlno- 
boronesH  penults  on  evaluation  of  the  influence  of  substituents  on 
the  B-N  linkage: 

In  the  infrared  spectra  of  aminoborones  it  is  relatively 
simple  to  assign  the  D-N  stretch. The  position  of  this  absorption 
can  generally  be  utilized  for  a  rough  evaluation  of  the  bond  charac¬ 
ter. 


To  demonstrate  the  sensitivity  of  the  Infreu'ed  spectra  as  a 
criterion  of  the  bond  character,  some  calculations  of  the  boron- 
nitrogen  stretching  frequency  and  wave  length  were  made  using  Gordy's 
rule.^*  The  r’ile  is  stated  in  mathematical  form  by  equation  5 

k  -  1.67nIXBXN/d2j0.75  +  0.30  (5) 

These  values  of  the  variables  were  used  to  calculate  the  force  con¬ 
stants:  (a)  bond  orders,  n  ■  1,2  or  3;  (b)  electronegativity  of 
boron,  Xg  •  2.0j  electronegativity  of  nitrogen,  Xjj  ■  3.0;  (c)  bond 
distance  of  B-N,  d  *  1.44  A-  and  d  »  1.36  A. 

The  values  for  the  electronegativity  were  obtained  by  con- 
suJ.ting  Pauling's  table  of  electronegativities^^.  The  bond  distance 
”d"  has  not  been  accurately  measured  for  a  boron-nitrogen  double  bond; 
therefore  approximate  experimental  values  or  computed  estimates  were 
used  for  this  parameter.  A  value  of  1.44  A.  was  assumed  since  this 
value  was  obtained  experimentally  for  the  boron- nitrogen  distance  in 
borezine.2  if  boron- nitrogen  systems  are  analogous  to  carbon-carbon 
systems,  this  bond  length  is  probably  slightly  exaggerated.  Just  as 
the  carbon-carbon  distance  in  benzene  is  slightly  loriger  than  the 
ethylene  carbon- carbon  double  bond.  If  Pauling's  double  bond  atcaiic 
rsdil^^  are  used  to  estimate  the  boron- nitn  gen  double  bond,  a  value 
of  1.36  A.  is  obtained.  Beth  vedues  were  used  in  tne  computation. 

The  computed  vedues  of  the  force  constants  -were  substituted 
into  ti.«;  familiar  equation  6 

v.i.OJOT^  (6) 
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in  order  to  obtain  the  frequencies  and  vave length*.  In  thic  equation 
V  ie  the  frequency,  X  the  wave  length  and  u  the  reduced  otaee  of  boron 
end  nitrogen  atoniB-  Calculations  were  made  for  boron  isotope  11  and 
nitrogen  14,  since  these  isotopes  are  the  most  coomon.  The  wave 
length  due  to  the  stretching  of  the  boron  10  and  nitrogen  14  bond  was 
calculated  to  be  approximately  0.974  of  the  computed  boron  ll-nitroggn 
14  wave  length.  The  presence  of  nitrogen  isotopes  other  than'  nitrogen 
14  can  be  neglected.  Tnc  results  of  these  approximate  calculations 
are  found  in  Table  I. 


TABI£  I 


Computed  Wave  Lengths  of 


Bond  order 

1 

2 

2 

2 

3 

3 


B-N  Stretch  P'rcquencles 

Interatoaic 
distance,  A 

1.44 

1.44 

1.36 

1.20 

1.2', 

1.44 


Using  Gordy's  Rule 


X,u 

9.6 

6.8 

6.5t 

6-0 

11.6 


The  wave  lengths  found  for  both  bond  distances  d  ■  1.44  A. 
and  d  ■  1.  36  A.  when  n  ■  2  ore  close  to  a  bond  wave  length  wiilch  has 
been  observed  experimentally  in  the  6- 0  u  region.  This  bond  was  as¬ 
signed  to  the  boron-nitrogen  stretching  frequency. 


It  1h  quite  obvious  that  the  weakness  of  this  treatment 
lies  in  the  lack  of  a  fixed  experimentally  determined  B-N  bond  dis¬ 
tance  for  the  compounds  studied.  A  more  subtle  weakness  could  He  in 
the  use  of  an  empirical  rule  to  draw  theoretical  conclusions  about 
the  natui'e  of  the  B-N  bond.  Furthermore,  Gordy^^  has  defined  the 
bond  order  used  in  his  rule  as  "t.ne  effective  number  of  covalent 
(electron  pair)  or  electrovalent  (ionic)  bonds  acting  between  two 
atoms."  Hence,  the  agreement  between  experiment  and  theoretical  re¬ 
sults  tells  us  only  that  two  electron  pairs  have  interacted  in  some 
way  to  form  a  bond.  It  does  not  tell  us  wbetner  the  bond  is  ionic  or 
covalent. 


In  the  absence  of  an  acou'^ate  boron  nitrogen  bond  distance, 
it  is  necessary  to  examine  the  sensitivity  of  bond  order  to  bond  dis¬ 
tance  if  any  valid  conclusions  are  to  be  drawn-  To  do  this  one  must 
assume  that  the  experimentally  observed  bands  near  6- 8  p  reflect  the 
B-N  stretching  frequency.  If  one  works  backward  from  this  band  at 
6-8  p,  which  has  been  shown  to  be  in  close  agreement  with  a  calculated 
value,  to  compute  the  force  constant,  a  value  of  7- T'dynes/cm.  is 
found.  Further  substitution  of  this  value  into  equation  5  provides 
an  expression  showing  the  variation  of  bond  order  "n"  with  bond  dis¬ 
tance  "d".  Tnls  expression  is  found  to  be 
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n  ■  (7) 

Proa  tnlB  oquatlon.  it  is  evident  that  the  ch&r&eter  of  a  B-N  bond 
absorbing  at  6-3  m  does  not  vary  drastically  vith  the  bond  distance. 
In  order  to  obtain  single  or  triple  bond  orders,  l-e.,  n  <  1.5  or 
a  >  2.5,  it  is  necessary  to  have  single  bond  lengths  less  than 
1.16  A.  or  triple  bonds  greater  than  1.68  A.,  respectively.  Either 
case  seems  highly  improbable,  so  one  may  assume  that.  If  the  bond  at 
6. 8  n  Indicates  a  stretching  of  boron-nitrogen,  there  must  be  a 
double  bond  involved. 

Trie  B-N  Stretching  frequencies  of  sooe  aminoboranes  are 
listed  in  Table  II.  For  the  compounds  studied  in  tnls  work,  the 
bonds  were  assigned  by  cooporison  of  the  original  compounds  with 
their  respective  iiydrolysis  products. 

TABLE  II 


B-N  Stretching  Bands  of  Aminoboranes 


Substituents 


Substituents 


N- 

B- 

Frequency 

(cm”^) 

N- 

B- 

Frequency 

(cm*^) 

2Me 

211 

1194 

Ph,  Me 

2Me 

1580 

Ph,  H 

2Me 

1352 

2Me 

2i>-Me-C5H4 

1410 

2p-MfC6H4 

2Pn 

1361 

Me.  Bu 

Ph,  Et 

1412 

2Pn 

2rh 

1372 

2Me 

Ph,  Me 

1417 

Ph,  Me 

Ph,  Me 

1361 

2Et 

2  Et 

1490 

P]i,  Et 

Pli,  Et 

1383 

Me,  H 

2  Me 

1525 

2Ph 

2p-Me*C^H4 

1305 

2Me 

2  Me 

1530 

As 

outlined  above,  the  B-N  bond  in 

aminoboranes 

may  have 

considerable  double-bond  character  due  to  resonance  of  the  nltrogerfs 
free  electron  pair  and  thus  cause  restricted  rotation,  ifowever,  the 
degree  of  double  bond  character  will  depend  mainly  vjpjn  the  nature 
of  the  substituents  bonded  to  the  basic  structure  .  Tne  ob¬ 

servations  illustrated  in  Table  II  indicate  that  the  introduction  of 
on  N-phenyl  group  brings  about  a  considerable  lowering  of  the  double- 
bond  character  of  the  B-N  linkage  by  resonance  Interaction  of  the  un¬ 
shared  electron  pair  of  the  nitrogen  atom  with  tile  adjacent  phenyl 
group.  Since  such  interaction  results  in  increased  electron  defi¬ 
ciency  at  the  boron  atom,  the  latter  is  more  subject  to  nucleophilic 
attack  (e.g. ,  hydrolysis). 

The  effect  of  B-aryl  groups  seems  less  pronounced, altliough 
here  again  a  tendency  toward  lower  frequencies  is  apjiorent  (cf. 

Table  II).  Resonance  intereu:tlon  Is  again  possible  (since  the 
phenyl  group  Is  "amphoteric"  in  this  respect)  leading  to  increased 
double-bond  character  for  the  E-phenyl  bond  and  a  corresponding  de¬ 
crease  in  the  double- bond  character  for  the  B-H  link.  It  should  be 
noted,  however,  that  the  electron  density  around  the  boron  atom  is 
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not  dlminlBhed  and,  coneeq.aently,  increased  reactivity  toward 
nucleophilic  attack  Is  not  to  be  expected. 

The  wide  range  of  B-N  stretching  frequencies  siiown  In 
Table  II  Is  a  good  indication  of  the  considerable  variation  in  tlie 
bond  orders  of  the  B-N  bonds  in  these  coapcunds.  While,  in  general, 
the  bond  order  (or  double- bond  character)  increases  as  the  B-N 
stretching  frequency  shifts  to  higher  frequencies,  an  exact  deter¬ 
mination  of  the  bond  orders  will  nave  to  await  the  availability  of 
fiirther  Infrared  data  (na'nly  on  aainoborancG)  and  the  determination 
of  the  B-N  bond  distances  for  some  of  the  omlnoborones.  However, 
on  the  basis  of  a  rough,  seml-quontitativc  calculation,  following 
Oordy's  equatlonij^[ neighboring-group  mass  effects  and  coupling  be¬ 
tween  the  B-N  and  the  adjacent  and  N-C  stretching  modes  being 
neglected)  and  the  best  available  estimates  for  the  B-N  bond  dis¬ 
tances  being  used,  a  range  ol‘  1‘30-1‘60  is  obtained  for  the  bond 
orders  (corresponding  to  SO-bOjt  double-bond  character)  for  the  amlno- 
boranes  listed  in  Table  II,  whlcn  appears  to  be  consistent  with  their 
chemical  behavior. 

On  preparation  of  unsiOTnetrlcally  substituted  aiulnoborones 
only  rarely  could  sharp  melting  or  boiling  points  be  recorded.  More¬ 
over,  in  selected  cases  it  was  possible  to  observe  c  'ystalline  and 
liquid  species  of  one  and  the  same  compo'uid.  On  attempts  to  separate 
the  two  rhases  no  unifomn  material  aould  be  obtained.  Crystals  iitne- 
diately  partially  liquified  and  vice  versa. 

The  following  data  ore  at  hand;  (a)  Among  unsymmetrical 
tetraorgano  substituted  aminoboranes  there  exist  two,  and  only  two, 
different  "modifications "  of  one  single  compound,  showing  differ¬ 
ences  in  their  physical  behavior,  (b)  Molecular  weignt  determina¬ 
tions  and  analysis  confirm  tnat  the  two  different  "modifications" 
have  identical  empirical  formulas-  (c)  Rupture  of  the  B-N  bond  in 
any  case  always  produces  the  sscondory  amine,  used  as  the  starting 
material,  (d)  '^Edification"- transformation,  l.e.,  equilibration, 
occurs  very  rapidly  without  addition  of  further  energy  at  room 
temperature. 

On  the  basis  of  the  above  cited  data,  certain  conclusions 
C€ui  be  drawn  Illustrating  the  existence  of  two  Isomers  having  identi¬ 
cal  empirical  fonnulas.  Tnere  are,  however,  three  possible  methods 
for  obtaining  two  isomers  of  unsymmetrical  tetraorgano  substituted 
aminoboranes:  (i)  Intenaolecular  disproportionation,  (ll)  intra¬ 
molecular  disproportionation,  (ill)  rotation  about  the  B-N  bond  (i.e., 
cls-trans  isomerization). 

Since  the  molecular  weights  c  each  fraction  are  Identical, 
there  cannot  be  Intermolecular  disproportionation  except  in  those 
rare  cases  where  the  dlsproportlonating  groups  have  the  same  weight. 
This  does  not  apply  to  the  examples  at  hand. 


256 


DAWSON  and  NIEC8ENZU 


Intramolecular  dleproportionation  cannot  occur  except  In 
two  cases:  (l)  Exchange  of  one  or  sore  groups  of  the  boron  substitu¬ 
ents  with  those  on  the  nitrogen.  This  Is  not  possible  since  only 
the  original  aecondary  amine  was  recovered.  (2)  Exchange  In  posi¬ 
tion  of  the  D-attached  group.  Tills,  however,  would  have  the  same 
effect  as  rotation  about  the  B-N  bond.  Therefore,  the  spatial 
arrangement  of  the  groups  within  the  Isomers  would  not  be  different 
from  that  obtained  by  rotation;  the  mechanism  of  Isoaner  formation 
would  be  the  only  variation. 

Since  Isomer  equilibration  occurs  at  room  temperature  with¬ 
out  the  appllcaticn  of  additional  energy  and,  since  rotation  about 
the  &-N  bond  (excluding  the  oxiatence  of  sterlc  hindrance)  requires 
little  energy,  tlie  latter  is  the  more  probable  mechanism.  Further¬ 
more,  If  extensive  bond  breaking  did  occur.  It  is  almost  certain 
that  a  degree  of  Ir.Lennolecular  disprojort Iona t ion  would  occur  with 
the  formation  of  many  Isomers. 

Therefore,  since  both  types  of  dlaproportionatlon  hawa 
been  eliminated,  only  rotation  about  the  B-N  bond  is  left  as  an  ex¬ 
planation  of  the  existence  of  these  isomers.  Further,  infrorad  ia- 
vestlgatlons  when  analyzed  In  terms  of  the  relative  degree  of  electro¬ 
negativity  of  the  substituents  tend  to  confirm  the  hypothesis  of 
electron  delocalization  being  the  primary  factor  In  explaining  the 
appearance  o.  double  bond  character  In  the  B-N  system  and  the  resul¬ 
tant  cis-trans  Isomerization. 

In  tetrasubstltuted  amlnoborones  such  as  (ethylphenyl- 
amino)-ethylphenylborane,  one  Isomer  will  have  trans  configuration, 
the  other  being  the  cis  form.  The  very  rapid  rearrongemt nt  of  either 
form  into  a  mixture  of  both  could  be  attributed  to  the  presence  of 
the  electron  structure  III,  as  described  previously.  Since,  in  tiiat 
structure,  no  double  bond  but  rat.her  a  quasi  ionic  character  is  in¬ 
volved,  Its  participation  In  the  electronic  equillbriuo  would  be 
likely  to  be  responsible  for  the  nearly  spontaneous  Isomerization. 

In  the  srjne  way  the  diffuse  boiling  points  of  several  of  the  amlno- 
borones  might  be  explained  as  being  due  to  the  fact  that  the  lower 
boiling  cis  and  hlglier  boiling  trans  form  (or  vice  versa)  are  in 
equilibrium.  The  mixture  shows  a  range  of  boiling  points,  but  the 
flrsi  fractions  may  be  overly  enriched  with  one  form.  However,  a 
very  fast  isomerization  might  occur,  due  to  equilibration  of  the 
three  electron  structures,  thus  demonstrating  the  bond  character  of 
an  amluoborane. 

An  independent  proof  for  this  concept  of  hindered  rotation 
In  amlnoboronos  was  recently  furnished  by  HMR  spectroscopy  of 
unsynmetrlcally  substituted  derivatives.  It  could  be  demonstrated, 
for  instance,  that  at  room  temperature  the  two  B-attached  methyl 
groups  In  (phenylroethylamlno)-dlmethylborane,  (C^H5)(CH2)N-B(CH^)2 
are  not  equivalent,  giving  rise  to  two  sharp  separate  JWR  signals  for 
the  methyl  protons^6.  Only  at  higher  temperatures  the  two  signals 
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tooadan  and  finally  aarge  and  at  high  teoperaturaa  (near  125*)  one 
alngle  aharp  B-nethyl  signal  Is  observed.  This  can  be  Interpreted 
only  In  tenoa  of  hindered  rotation  about  the  B-N  linkage:  At  loner 
teaperaturea  rotation  la  ao  alow  that  tvo  uneq.ulvalent  methyl  groups 
lore  existent.  At  higher  temperature  rotation  la  enhanced  and  finally 
the  two  different  envlronaients  of  the  methyl  groups  can  no  longer  be 
recorded  since  rotation  has  become  too  fast. 


CYiz 


CH3 


B-H  double>bondlng  causes  different  magnetic  envlroaaKnta  for  the 
two  B> attached  methyl  groups.  Conaequently  at  lower  teaiperatures  the 
following  Hlfl  apeetruM  for  the  B-aethyl  protooa  la  reoerdads 


At  higher  toaperaturea  rotation  about  the  B-X  axle  becoaes  leas  re- 
a  trie  ted.  The  B-methyl  protons  becoae  more  equivalent  with  the  In¬ 
crease  In  rotation^  as  evidenced  by  the  following  spectrum^  In  which 
the  proton  resonances  have  aerged  to  a  certain  degree. 


At  very  high  topeiraturee  rotation  about  the  B-N  linkage  la  essen¬ 
tially  unrestricted.  Hence  the  B-methyl  protons  are  equivalent  and 

the  KMH  im)aetruB  ahova  only  one  altarp  alngle  peak. 


♦110  • 


However,  the  ready  acceptance  of  HMR  da  ^a  as  sole  proof 
for  restricted  rotation  appears  to  be  luireasonable.  For  Instance, 
two  IWR  signals  were  recorded  for  both  methyl  groups  of  (methylphenyl- 
amlno)-aiethylphenylborane  at  low  temperatures.  But  the  observation  cf 
only  one  epecles  in  the  Haman  eind  Infrared  spectra  of  (methylphenyl- 
amlno)-methylphenylbor8ne  suggests  the  presence  of  only  one  rotation¬ 
al  species  with  respect  to  the  B^N  linkage.  Examination  of  molecujiar 
BK>del8  Illustrates  that  the  trans  configuration  la  favored,  although 
even  this  form  Is  probably  not  planar,  and  that  both  phenyl  groups 
should  be  skewed  out  of  plane.  (This  is  consistent  with  the  results 
reported  for  dlmethylstllbene^T. }  If  this  Is  the  situation  it  Is 
then  possible  to  explain  the  observation  of  two  IDft  algnala  for 
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both  the  boron  and  the  nitrogen- attached  aethyl  groups  by  the  indi¬ 
cated  structures  (a)  and  (b).  Preference  of  one  apecles  (naoely,  b) 
should  be  expected  (and  Is  In  agreeaent  with  the  experimental  results) 
If  steric  effects  produce  not  only  nonplanar  arrangonent  of  the  phenyl 
groups  but  also  cause  a  minor  tilting  about  the  B-N  linkage^  This 
tilting  then  can  lead  to  different  magnetic  envlroxsMnts  for  the 
corresponding  methyl  groups  in  the  two  forms. 


(a)  (b) 

In  two  Independent  molecular  orbital  calculations  added 
proof  for  uhe  described  experimental  data  vas  furnished.  J.  J.  Kauf- 
man^*^  confiimed  the  Influence  of  substituents  on  the  B-N  bond  order 
by  a  Huckel  calculation  of  charge  distribution  at  the  boron  and  the 
nitrogen  sites.  Agreement  of  the  experimentally  derived  data  as 
described  above^  with  the  calculations^^  was  essentially  complete. 
The  mathematical  data  Illustrate  that  shifts  of  the  B>N  frequency^ 
depending  upon  the  nature  of  the  organic  substltxjents,  Indeed  con¬ 
form  to  a  change  In  the  bond  character  of  the  B-N  lixikage.  Hence, 

IR  spectral  data  can  be  used  for  the  evaluation  of  the  nature  of  the 
boron- nitrogen  bond. 

R.  Hofftnan^Q  calculated  the  total  charge  distribution  in 
amlnoboranes  and  shoved  that  In  these  compounds  the  distribution  of 
charges  can  quite  possibly  result  In  a  neutral  molecule  which  never¬ 
theless  shows  o-N  double  bond  character.  The  barrier  of  rotation  In 
such  a  neutral  molecule  should  be  In  the  order  of  10  Kcal/mole,  which 
value  is  in  good  agreemeat,  with  the  values  obtained  experimentally  by 
n.m. r.  spectroscopy.  Of  course,  the  value  Is  considerably  less  than 
that  of  corre6i>onding  olefines,  but  nevertheless  It  Is  substantlcd. 
enough  to  Justify  acceptance  of  a  B-N  double-bond  in  amlnoboranes. 

Sunsarlzlng,  the  concept  of  restricted  rotation  In  amlno¬ 
boranes  due  to  B-N  double  bonding  seems  well  founded,  as  Illustrated 
by  ch^lcal,  physicochemical  eind  mathematical  evidence. 
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URBODUCTlQIf :  To  Mot  fotur*  dovloo  r«q.vir«Mints  in  rodar, 
eountonwMoru,  and  MtalUte  ayataiM  batiwn  9  and  3.AO  flcacyelaa 
(kMe),  a  Vida  aarlaty  of  nooUnaar  farrosagnatle  eeapoBanta  aveR  aa 
povar  Ual'^art,  firaquaney  apoltlpUara,  tmaabla  flltara,  and  pnlaad 
farroMcnatic  gaoaratora,  3^aeatly  raatrictad  baeanaa  of  an  inharaot 
fraqpaney  llaltaticMa  or  the  prohlbitlTely  larta  allied  d.e.  field 
r*«sttlr«Bant,  auat  be  dealgned  and  eonatmoted.  Theae  Mcnetie  dovieea 
respire  a  aaterlal  vlth  ualqpe  directional  propertlea  (high  aagnetlo 
anlaotropgr)>  peracLttlnd  derlOii  operation  vlth  aaall  apg^ed  d.e. 
flelda.  A  famijr  of  ferraaagaetle  heneonal  ferrltea,  vlth  aa  eaay 
plane  of  aagnatiaatlon,  ahova  eonaiderable  proalae  In  aeetlng  theae 
re^reaeztta.  The  large  ■agnatic  aniaotrppy  (9900  oerateda  In 
BesZa^FeiaC^a,  en— only  called  hnil}  blade  the  apln  ■agnetisatlon 
Tector  to  a  preferential  plane  and  thiia  endoim  theae  naterlala  vlth 
unlqpe  alcrowaw  propertlea.  When  the  r.f.  angnetle  field  la  applied 
perpendicular  to  the  d.e.  field,  nonlinear  effecta  can  occur  In  the 
uaual  faahion  ea  vlth  iaotroplc  ferrltea. v^)  Boverer,  vben  ualng 
planar  hexagonal  ferrltea  the  large  planar  anlaotxt^  (built-in 
■affietie  field)  decreaaea  the  critical  power  level  at  which  apin-vave 
InatablUty  aeta  In  and  extenda  the  frequency  range  In  vhieh  certain 
non-Unear  ferroaagnetlc  devicea  are  feai>lble.  Aa  a  farther  adran- 
tage,  the  applied  d.e.  aa^Mtlc  field  required  for  rea<»anoe  la 
COTWidatrebly  reduced. 

The  high*’P<’ver  nonlinear  effecta  to  be  es^eeted-  at  ferro- 
■agMtlc  reaonaaee  are  very  critically  d^wndant  on  the  avallablli^ 
of  apln  vavea  vlth  aultabla  reaooutt  freqpenolea.  A  apln  vave  any  be 
pictured  aa  a  ripple  dlatributlon  or  a  tiae  lag  in  preeeaalonal 
■otlon  of  adjacent  aplna  The  location  of  the  unifom  aode  (exciting 
frequency)  vlth  reapect  to  the  aplo'erave  apectrua  vlll  detetraltke 
vhlch  ajdn  vavea  are  generated.  The  excitation  of  apln  vavaa  laada 
to  a  reduction  In  the  suaeeptibllity  of  the  ferrite  at  reaooanea  and, 
under  certain  condltlona,  to  an  incraaae  In  abaorptloo  at  a  d.e. 
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titH  b02jenr  rMonano*  (tvibaidlary  r**ODaiMS«).  At  lair  powtr  lart]  , 
ifiMi  tlM  !•  aiicQ«tlt«d  psrptodloulur  to  tbt 

flold  dlroetlou,  th«  aiiciMrtlBatlon  roetor  fans  out,  dissipate*  Its 
muurgy,  and  ralaxas  to  Its  aquilibsf'iuB  position.  A  Xong  rslautlon 
tlas  ludieates  that  a  larfis  aaount  of  •pmrgy  Is  storad  In  tba  spin 
systSB  of  tba  farrlta  sa^pla,  analogous  to  a  high-^  rasonant  circuit. 

A  narrov'lliMfvldth  (  d  l)  farrlta  vill  bava  a  hlfd^  paak  absorption  par 
unit  Toluaa,  Indicating  that  a  large  aaount  of  r.f.  anargy  Is  balng 
storad  b/  tba  farrlta.  As  tba  Input  powar  is  Ineraasad,  tba  aagnati- 
aatlon  yaotor  fans  out  to  vbat  Is  callad  tba  critical  angle.  At  this 
point  tba  aatarlal  la  said  to  ba  saturatad.  Any  further  Incraasa  in 
algoal  poaar  is  eotviad  Into  tbe  creation  of  spin  uaras.  Two 
poaslbls  aaebanlSM  should  be  dlstinguisbad.  For  ona  of  than,  tba 
spin  uaras  ganaratad  vlll  bare  half  tbe  frequency  of  tbe  applied 
siipoal;  for  tba  other,  they  bare  tba  saaa  frequency  as  tba  applied 
signal.  It  Is  eonrenlast  to  refer  to  these  tvo  aechanlsaB  as  non* 
linaarltlas  of  tba  first  and  second  order,  raspaetlraly.  The  ineldant 
alerowar*  power  required  for  spln-vara  Instability  Is  called  tba 
critical  field  (boJ*  Tba  tbrasbold  field  for  tba  first  order  affect 
la  Inberently  lower  than  that  of  tba  second  order  affect,  prorldad 
both  are  alloeed.  This  Is  because  tba  first-order  affect  depends  only 
on  tbe  m^Utuda  of  tba  laifom  precession,  vhila  tba  second-order 
affect  depends  upon  tba  square  of  tba  aaplituda  of  tba  unifom 
praoaaalooA^ 

In  planar  fenltes  tbs  critical  field  for  tba 

aaeond-ordar  effect  is  glyen  by:(3) 

(1)  -  (2/8)^ 

ehara  Attn  Is  the  saturation  aagnatisatlon,  dH  is  tba  ■aasxired 
linewidtb,  dX|^  is  tba  intrinsic  linewldtb  cbaraeterlstic  of  tba 
uiatabl*  sp'fa  ware  node,  aud  6  equals  nM.  (H^  is  tba  anisotropy 
field).  As  equation  I  indicates,  the  naipiltuda  of  the  anisotropy 
field  vlll  aarkadly  n^aet  the  critical  field  at  ld^eb  Bpin-uara 
uutablUty  eats  in. 

In  tbs  design  of  sous  nonlinear  farroaa<piatic  dericaa,  tbe 
insertion  loss  and  affleieney  of  operation  depends  upon  tbe  narrofw- 
aaas  of  tba  re  .onanea  Unavidtb.  The  first  single  crystals  of  2nT 
(Ba«Zi%Fa^sOas )  bad  iiqnraetleal  llnewidtbs  of  30  to  90  oersteds. 
Bafloaaant  of  tba  crystal  groetb  procedures  yielded  crystals  of  13  to 
1/6  oaratads  llnewldtta.(A)  Biid^-power  aaperlaantal  ■aasureuants  at 
that  tiaa  indicated  potential  dertce  feasibility,  (5)  altboui^  tba 
rasoreinoa  linewldtb  was  still  sufficiently  broad  to  naka  derice 
applications  probibiti-ra.  btasn  a  naw  solrant,  BaO-BsO^,  and  an 
aimaallng  pdrocedure  darisad,  crystals  vara  obtained  with  a  line- 
width  of  8  oersteds. (u)  Before  evaluation  of  these  crystals  was 
conplata,  it  was  found  that  sdbstitutloo  of  ■anganasa  for  a  portion 
of  tba  siao  gave  crystals  with  a  raaonanea  linavldtb  of  3*8  oersteds 
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«t  9-0  Me  wA  rocNi  tf^partttior*.  9hl»  r^pr— •nte  tto  XowMt  valm 
r«port«A  for  th«  plMMr  h»waow>1  f«rrlt««  moA  pcndte  the  dMlfe  of 
nonllnoor  fWToigiiotlc  dr<rleM  utllisiof  ttaoM  vitorloli. 

ISNRXmeAL  IWAng;  Sleglo-exyotal  hoaojontl  foxTitoo 
with  the  otaeaiool  ooapoeltloD  B«,£ii,.^ta^e.,0^(  were  frovn  from  aelte 
uelnc  •  Beo/B,0^  tixx*  The  oooetltoest  ozioee  or  oerbocetee  vere 
■iaed  tocether  ead  peohed  Into  plntlnue  oruolblee.  There  vere  heeted 
In  electrloiLl  reeletenee  fomeoee  to  13000c^  held  et  tueretnre  lettll 
eolntlon  vee  complete,  ead  cooled  betveen  1  ead  2^^.  to  1000^. 

The  fumeoe  vee  then  cooled  acre  repldly  to  60Q^>  et  vhleh  te^pere- 
ture  the  oraelblee  vere  rwpved  end  elloved  to  cool  to  rooa  te^pere- 
ture  la  eir.  Cryetele  vere  freed  froe  the  creelble  bgr  leeching  vlth 
dilute  nitric  ecld. 

Cryetele  obtelned  bgr  thle  Mthod  vere  typloellj  bleckh 
he«§noel  in  ehi^ej  vlth  hlfhly  reflecting  naturei  fecee*  Tbiij  vere 
eeeller  tben  thoee  noraellj  ettelneble  froa  lePeO,  f inac^  never  eaoeed- 
Ing  3/8  In*  Inog  or  l/8  In.  -thick.  The  lerger  oryetele  vere  tgrpiohUT’ 
1^  In.  long  ead  l/Q  In.  thick,  ^peetroehenlcel  eaelgrele  of  eevarel 
crgretele  froa  eeeh  betch  Indicated  tbet  the  BenTvtt  of  M  prevent  In 
the  exgrvtale  vee  cloee  to  the  etarting  oo^poeitlon.  The  oxgretale 
vere  ea— Aned  bgr  x-ragr  diffraction  nethode  to  eatabllah  that  tlMgr 
vere  elngle  and  had  the  T  atmeture. 

Zrregolerlgr  ahaped  eeeplee  yeM  ground  into  epheree  ualng 
the  avthod  deeonbed  bgr  Carter  et  al.vT;  The  eoiglee  vere  tben 
pollebed  vlth  eueceaelvelgr  finer  grit  dianood  ebreelvee.  The  final 
•aaglee  need  In  naklng  hlgb-powr  naaeureneote  had  a  0.1  eleroo 
flnlab.  nrevlofua  inTeetlgatloiia(8)  have  ehoen  the  erltloal  effeet  of 
aurfece  poUehlng  on  the  reaonanoe  Unevldth  of  ZhI  epheree.  HiM~ 
pover  negnetie  aueceptlbllltj  naaeurenMita  vere  node  at  17*3  kNe^ 
uelag  the  oavltj  perturbation  technique.  The  final  dleaeter  of  the 
eanplee  ranged  fron  O.Olfi*  to  0.030”.  A  tweable  nagaetron  vee  ueed 
ae  the  r.f.  pover  eouree.  A  trananlealott  oavltgrV^/  vee  ueed  to 
neaeure  the  Unevldth  and  evaluate  the  high'P^’**’^  propertiee.  The 
lengthf  or  node  med)er«  of  the  cavltgr  vea  adjueted  to  give  an  appro- 
priate  filling  factor.  Snail  tuning  aereve  placed  along  the  length  of 
the  cavltgr  alloved  retunlng  of  the  cavltgr  at  each  one-half  aueoeptl- 
bllltj  point,  eo  that  the  frequenegr  of  the  pover  eour'te  vae  not 
cbanged  dvrlng  the  eouree  of  a  neaaurenent*  A  block  dlagran  of  the 
equipnent  need  In  naklng  the  neaaurenente  bx  the  oevltgr  teebnique  U. 
ehovn  In  Fig.  1.  A  vavegulda  evlteh  vlth  high  leolatlon  betveen 
porta  pemtted  either  the  reflex  lOgratrrn  or  the  aagaetron  output  to 
be  Incident  upon  the  cavitx*  A  vavegul^  power  divider  aUcned  the 
Incident  pover  level  to  be  varied  over  a  eufflolently  vide  range* 
Ferrite  leoletore  vere  ueed  to  leolete  the  cevitF  fron  the  reet  of  the 
nleroveve  circuitry  end  to  insure  satebed  eondltlona  for  atahle 
Mignetron  operation.  The  trenanlaalon  tppe  of  oevlty  pernlta  high* 
pover  aiwoepilhility  neaaurenanta  to  be  Mde  et  a  eonatant  r.f. 
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ViCMtlo  fi*Xl.  At  tb«  tDittgj  abaorb^d  In  the  ferrite  eeipXe  in- 
oreeeedf  the  aonltored  power  et  the  output  teralnatlon  of  the  eeeltgr 
deereeeed.  laoreealog  the  Input  power  until  the  output  power  reJMhed 
ea  ea^roprlftte  reference  lerel  thue  enabled  a  conatant  r.f.  letcnetle 
field  to  be  aelntalnad  in  the  oaTlty  orer  the  eoaplete  range  of 
■aasuraaanta .  The  aaivdee  wore  plneou  In  the  center  of  the  earlty  at 
a  poaltlon  of  aarlaMW  r.f.  aai^aetle  field.  The  oriaatatlon  of  the 
aa^ple  waa  aueh  that  the  r.f.  aagnetlc  field  and  the  appUed  aagnetle 
field  were  perpendicular  to  each  othar  and  in  the  aaay  plane  of 
aagMtiaatlon. 


MV 


aagnetlsation  waa  aeaaured  with  a  wlbrating  sample 
a  fwietion  of  field  at  room  teagperature.  The 
ozyetala  ware  aotaited  eo  that  a  rotation  of  90^  would  hring  the  eaay 
or  thi  hard  direction  parallel  to  the  applied  field.  The  eaturetlon 
aa^Mtlaatlon  )  daterainad  along  the  eeey  direction  Is  given  in 

Table  I 

Saturetlon  Maiptetlaetlon  (4iTMg)  ea  a  Foaotlon  of 
0uibetltutad  Ito  In 


X 

^TTN. 

X 

4nNg 

0 

2700 

0.6 

2300 

0.1 

2600  ; 

0.7 

IBOO 

0.2 

2570  I 

0.8 

1700 

0.3 

2I1OO 

0.9 

1700 

o.k 

2360  ! 

1.0 

1650 

0.5 

2330  j 

1.1 

1600 

XmRxmrdL  BBSOUEB:  The  aaturetlon  aagnetltetlon  le  seen 
to  Blowly  decrease  me  subetituted  Mn  Increaaee.  This  le  to  be  ex* 
pected  If  Mn  replaces  Zn*  Beer  the  coigweltlon  x  ■  0.7  the  aagnetl- 
satlon  drops  sharply  to  below  the  value  for  pure  NhX.  This  aa/  be 
related  to  the  slie  of  the  Nd^'*'  Ion,  the  largest  divalent  substituent 
to  enter  the  structure.  Sietortioo  of  aegnetle  interaction  due  to 
changing  Interatowic  distance  gives  rise  to  a  reduced  aagnetisatlon. 
Tariatioo  In  oatloc  dletrlbution  as  a  function  of  increasing  Nn 
atbstltutlon  would  also  decraase  the  aagnetisatlon.  These  posslbll- 
itlas  will  ba  distinguished  bgr  careful  crystallographic  studies.  The 
aegnetlsetloo  continues  to  decrease  with  increasing  Nn  sxdMtltutlon 
until  X  "  1.1.  Beyond  this  point  planar  crystals  are  no  longer 
stable  end  axial  czystals  are  obtained  thru  x  ■  2.0. 


Parroaagnetic  resonance  linewldtb  aeaeureaents  were  aade  on 
eoapoaltlons  fiusi  x  ■  0.1  to  x  >  1.1.  Figure  2  shows  the  lincwldth 
as  a  function  of  substituted  aangsnese.  The  Indicated  Unewldths 
refer  to  the  aeasured  properties  of  the  unpoUehed  s«qplee.  As  Mi 
substitution  Increases,  the  rough  Unewldth  decreases  to  a  alnlaiai  of 
17.3  oersteds  between  x  *  O.s  end  0.7<  Additional  aanganeee  In- 
ereasad  the  Unewldth  to  21  oersteds,  after  which  It  leveled  off. 
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Tte  §p9Ciauni  vlth  •  UaOTldtb  of  1T*5  oor«tod«  vor*  Mlootol  for 
fttrtlMr  iarMtifKtioD.  TkMo  erystolt  vw  poUtbod  vlth  mmQ9»Bir92j 
tiauf  grit  mbrmairm,  to  a  final,  dlonatair  hotv— a  O.OlB"  and  0.030**. 

Jin  aipoaantlal  doeraaM  in  tha  linavldth  vaa  notad  vlth  daeraaainc 
0rit  alia  of  tba  poliahlnc  oQvoand.  A  o^lic  affaet  Is  Hnavldth  aa 
a  fwetloc  of  poUahlog  tlm,  aa  foood  is  lithlm  farrita  aisfla 
eryatala^V^)  vaa  not  obaarrad.  Tba  ainlMw  Unavldtb  obtalnad  vltb 
abbatlttttad  Zb!  eryatala  la  3.8  oaratada  at  9*0  Me.  Tba  obaarrad 
linavldtb  ineraaaaa  to  h.9  oaratada  vban  aaaaurad  at  17*3  Mte* 

A  eoavarlsoa  of  tba  nonallaad  aacsatie  asaeaptiblUty 
(dacllna  of  tba  aaln  raaonanea)  of  Utblw  farrita,  yttrlvai  Iron 
camat  (YIO),  and  Nn-Zbl  aa  a  funotios  of  Inoldast  povar  at  17*3  Me 
if  bbown  In  Tig.  3<  Tba  lov-poaar  nacnatie  auaeaptlblUty  la  oaad  aa 
a  rafaranea  for  nomaUalnc  tba  auacaptlbllity  at  hi^fb^powar  larala. 

Aa  Fig.  3  indloataa,  tbara  la  a  aubatantlal  dacllna  in  tba  aain 
raaonanea  aa  tba  Ineidant  povar  laral  la  Inoraaaad.  Tbaaa  nonllnaar 
affaeta  ara  partleiQarlor  aignlfieant  in  datarainlnc  tba  faaaiblllty 
and  parfonaanea  of  nonllnaar  farrona^atie  darieaa. 

At  17*3  Me  tba  aacond-ordar  iroeaaa  la  raaponalbla  for  tba 
obaarrad  nonllnaar  affaetc.  Tba  dacllna  In  tba  aaln  raaonanea  eurra 
■ay  ba  uaad  to  Aataralna  tba  orltleal  fiald(^)  for  tba  onaat  of 
apln-vara  inatabllltlaa  by  axtrapolatioi  back  to  tba  lav*povar  wigna- 
tie  auacaptlblllty.  Tro»  tba  critical  field  ralua,  tba  apln-vara 
Hnavldth  (ABk)  My  ^  calcnlatad  naing  aqpatlon  I.  Tba  critical 
fiaU  (be)  for  ■anganaaa  aubatltutad  Znl  la  appit>xlnataly  6  z  lO'S 
oaratada,  which  ccnBaraa  raxy  farorably  vlth  that  of  HO,  vboaa 
linavldtb  la  lowar  (2.35  oaratada).  Tbla  erltieal  field  ralua  laada 
to  a  calculated  8pln>vare  linavidtb  of  0.7^  oaratada.  Aa  Indicated 
In  Fig.  3,  the  ■aaaurad  Hnavldth  of  Hthlun  farrita  and  aubatltutad 
Znl  ara  approxinataly  equal,  but  the  crltloal  field  for  apln-vara 
InatablHtlaa  In  Zal  la  aa  order  of  ■agnltuda  lever. 

IBVICB  APFLICifflORS:  The  reaulta  of  thia  Invastlgation 
ahov  that  aingla-oryatal  ZbI  ■atarlala  aubatltutad  vlth  ■anganaaa  ara 
proadatng  for  uaa  In  aararal  alorawra  darlcaa.  Such  darioaa  include: 

Pulaad-Fiald  millJaatar-Vara  Oanarator.  Tba  ability  of 
slngla-crystal  farrltaa  to  act  aa  hl|^>4  rasonatibrs  and  to  atora 
energy  for  perloda  of  tiaa  of  tba  order  of  tbalr  relaxation  tint  baa 
bean  uaad  aa  tba  basic  for  a  pulaad  ailHaeter-vava  generator. 
<>paration  of  tba  pulaad  ganara-l^  baa  bean  deacrlbad  by  SlHott, 
Sobaug-Pattarsan,  ai4  SbBV,vl3)  who  obtalnad  an  output  frequency  of 
32  Me  vltb  an  luput  A^uaitcy  near  k  Me  using  «lngle>ery8tal  TIO. 
Nora  recently,  Shavv^^)  baa  obtalnad  an  output  fraquaney  of  $0  Me 
vltb  no  Input  fraquaney,  by  pulsing  tba  farrita  at  wi  angle  to  a 
SMll  saturating  d.o.  flald.  In  tbla  generator  tba  anargy  la  stored 
In  the  spin  systaa  vtaleb  la  forced  to  poraeaaa  around  tba  raaultaot  of 
tba  pulaad  aagnatle  field  and  tba  aaall  gppHad  d.c.  field.  tTba 
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mmrgr  !■  tiMrikt^d  m  thn  apin  lyatM  raUxo*  l«ok  to 

Ita  •ttutUbrlim  positiofi*  j  Tbs  output  froqiusaoj  dapanda  an  tba 
■Rgnltuda  of  tba  pulsad  flaU.  Vlth  tb»  iiaa  of  ivbstltutad  2al,  tba 
Xurta  •nlaotronr  (9900  oaratoda)  wlU  aubatMitKOly  raduea  tba 
■i^pilt^lda  of  tba  polaad  aagDatle  flalA  raqulrad  for  tba  gauaration  of 
aUliMtaar-wara  anargy.  Ualng  HO  apbaraa  tba  pulaad  aa^atlc  flald 
snaqulra.  la  dataradnad  Igr 

(U)  •  -  yBo» 

vbara  •  is  tba  fraquaney  of  tba  anargy  ganaratad,  y  la  tba  gyro- 
aagnatle  ratio  (usually  2.8  Me/oaratad),  and  ^  la  tba  pulaad  aagnatic 
flaUl.  A  pulaad  Mgnatle  fiald  of  approxiaata3y  Ifi  kilogiausa  uould  ba 
raquirad  to  ganarata  a  fraquancy  of  y>  Me.  Tba  slsa  and  vali^  of 
tba  Una  raqulrad  to  produoa  auoh  a  pulaa  la  ratbar  large  and  buUy. 
Oalag  UT  apbaraa  tba  pulaad  aagnatic  flald  raqulrad  la  glran  by 

(III)  (Vy)®  -  ao(«o  +  Ba)# 

vbara  1^  la  tba  anisotropy  flal&i  la  tba  pulaad  aagnatic  fields 
Y  la  tba  gyrcaagiatlc  ratio,  and  •  la  tba  fraquanoy  ganaratad.  TlM 
pulaad  flald  raqulrad  to  ganarata  a  fraquaney  of  30  Me,  using  Sol, 
ultb  an  anisotropy  flald  of  9900  oarstads,  vould  ba  approjdjaataly 
lb  kUogauas.  This  pulaad  flald  nay  ba  raduead  aran  greater  by  ualng 
a  aatarial  that  baa  a  larger  anlsotrcpy  flald.  In  addition,  sinoa 
tba  required  pulaad  Mgnatle  field  dacraaaaa  aa  tba  anisotropy  field 
la  Increased,  nlalaturlsatlon  of  tba  pulse  Una  baeoass  feasible. 

It  Is  ligortiuit  In  tba  operation  of  aueb  a  darlca  that  tba  aageatle 
flald  pulaa  nave  a  rise  tine  ubleb  la  snail  eonparad  to  tba  reljuta* 
tion  tlaa  of  tba  natarlal.  At  praaent,  SdCT  la  aarglnal  for  this 
application,  and  Invastlgatlons  are  raqulrad  to  fartbur  raduca  tba 
linavidth. 


Rarer  Lisdtara.  Tba  basic  pbysleaLl  prlnelpla  of  tba  ferrite 
Haltar  Inr^vaa  t^  nonlinear  babarlor  of  tba  r.f.  aagnatlaatlon  at 
tba  critical  poear  laral  (bo),  aa  aboan  In  Fig.  3  (daollna  of  tba 
nomallBad  aagiatle  suaca^lbiUty).  At  this  point,  a  transfar  of 
annrgy  taloao  plaea  froa  tba  unlforaly  pracaaalng  spin  node  to  other 
apln  uaras.  This  pbanoaanon,  and  otbara  vbiob  are  alnllar,  prorldes 
for  Uniting  tba  laral  of  r.f.  potrar  trananlttad  In  a  nleraiaaTa 
ccMWPWrt  containing  a  farrita.  Tba  Mnifastatlona  of  tbaaa  noo- 
11  near  raapoosaa  glra  rise  to  qinanamatlc  oo volar  l^tara  and  the 
aubaldianr  raaooanca  Hadtar.  Tree  lyronagnst'leHKnyiljHt^^j^ 
utlHsaa  the  naln  raaonane^lnatablUty  (daelina  of  tba  naln  raaonanca) 
for  Its  operation.  Tba  oolncldaat  linitar.  one  type  of  gyronagoatle 
coupler  lialtar,  vbara  tba  aobaldiary  raaonanca  colnoldas  with  the 
naln  raaonanca,  baa  the  loaaat  critical  povar  loral.  Henravar,  this 
type  of  lialtar  utlllsaa  both  the  flrat-  and  aacood-ordar  proeaas  for 
Ita  oparatlcn.  Using  apbarloal  Isotroplo  farrltaa,  a  ratbar  lov 
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t«p«r  frtyjMwqr  lltriftlon  l«  l^pofMd  ob  tbit  lijdttr  tnA  it  glTtn 

<IT)  •  <  I  ykrrtt 

Tlw  30— r  trmqmnej  rta^t  it  dtttralMd  tgr  tbt  fltU  rt9>iirta  to 
— turct*  tbt  — ttrlol  tad  can  bt  vrltttn  at 

(▼)  »  >  ykirn/s  . 

War  part  IXO«  tbt  aatnrai^ioa  —caatlaatlon  la  17^  oarttada.  Tbit 
fiv—  —  oparatlooal  fraquanoy  ran^a  of  1.6  to  3.2  IMe.  Unrawnnttlc 
lo— »  auab  aa  fain—  or  alla■lnul^  caa  ba  aubatltutad  Into  TIO  to 
lo—r  tba  Mcnatlaatloo  and  lonrar  tba  oparatl—al  fraquanoy  —act  of 
tbt  oulneldant  liaitar.  Xo  praotioal  aatbod  of  Inertaalaf  tba 
aaturation  — g>atlaatloo  of  710  baa  baaa  raptntad.  8lBcla*<ryatal 
Utbi—  farrita,  vltb  a  bTTNg  of  3900  oaratada  and  a  — aomaDoa  Una- 
vlfttb  of  2  oaratada  at  6.0  l$lo,  baa  baaa  raportad.(^3)  Thla  aatarial 
baa  a  oolneldant  Uadtar  fraqatncy  ranca  of  3.6b  to  7>GC  Mo*  Tba 
fraqaaaqy  raa^a  baa  baau  axtandad  to  8.6  Mo  by  tightly  og—liaf  tba 
anlfoni  prao— alon  to  ortbogoaaLl  ttrip-Una  rtaonatora.(lp)  Tbit 
approaeb  to  ineraaaing  tba  fraq—ney  raaga  of  eoineldant  UvLtlng  it 
Italtad  by  tba  raaultlng  axcaaaira  loatat  aad  tba  aagnltuda  of  tba 
dipolar  eoqpIlng.(17)  Tba  fraquanoy  raaga  for  tba  eotneldanea  of  tba 
flrat-  and  aaoood-ordw  nonllnaar  prooaataa  la  planar  baxagonaX 
farrltaa  It  glraa  by:(3) 

(VI)  lipi  <  <  y  krjH  0  Mlf  ♦  (5)  C(l  ♦  ^  -  ll) 

ataara  1*  tba  tranararaa  d— agnatitlng  faotor,  aad  8  aqaala 

Oilng  planar  haxagooal  farrltaa  that  art  praaantly  arall- 
abla«  eoineldant  Halting  la  faatibla  up  to  a  fraquaney  of  15*6  Me. 

Tba  tacood-ordar  prooata  llaltar»  aaotbar  kind  of  gyro- 
atgnatlo  eouplw  ilaltar,  —y  ba^utad  la  nuquaney  raagat  abara 
eoineldant  Halting  la  not  poatlbla.  In  tbia  Ualtar,  tba  alopa 
traatltlon  abort  tba  tbraaboXd  la  not  aa  abr«qit>  tba  Halting 
ebaraetariatlc  la  not  flat,  and  tba  tbraaboldt  art  aneb  blgbar  than 
ntb  eoineldant  Haltara.  Accordingly,  tba  fraquaney  ranga  of  tba 
eoineldant  Haltar  can  ba  algnlflcantly  axtandad  by  ittlHilng  planar 
baxagtanaX  farrltaa.  At  17*3  Me,  aa  aboan  in  Fig.  3*  tba  taeond* 
ordar  prooata  la  raapooalbXa  for  tba  daeXlna  In  tba  aaln  raaonanoa* 

Tba  erltioax  flald  In  aanganaaa  adbatltvtad  SaH  la  ooaparabla  to  that 
of  710,  aran  thouib  tba  Xlnavldtb  la  tvlea  aa  Xarga.  Tba  aa^parlaantal 
data  Indloataa  tba  affaet  of  tbo  Xarga  anlaotropy  In  raduelng  tba 
tloaabold  flald,  and  alao  tba  faaalblHty  of  ualng  M-dhiT  in  tba 
aaoond-ordar  proeaaa  Haltar. 
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la  fferroBegtctIc  pa«r«r  lioitara,  th*  itfbaKLlMry  r— onoiw 
liM  tiM  blghMt  thTMhoId  powor  HfcwraTMT,  tht  ilaltltn 

point  If  atan«t,  flTlof  •  ir»12,-<lofln«d  plntoau  in  tb*  output.  Thl« 
tgrpo  IlBltor  oon  be  used  m  «  pre-llnlter  In  eo^lnetlon  vltb  •  low- 
lerel  Halter.  Tlfure  k  ebovi  the  dereloiaent  of  the  eubeldiary 
reeonenoe  ulth  en  Inoreeae  in  input  power.  At  low  power  leveJe,  no 
euibeldlery  resonance  Is  piresent  end  the  signal  power  propagates  with 
rery  little  loss.  At  threshold  power,  the  dewelcjint  of  the 
subsidiary  resonoaee  Hsdts  the  lerel  of  the  output  power.  The 
applied  d.o.  field  is  set  et  a  fixed  welus  epproadaetely  half  that 
requiz^  for  the  aoin  reeononee.  figure  5  shows  on  esperlnsotal 
aodel  of  a  subsidiary  resonsaoe  Halter  designed  for  operation  at 
l6.6  mo  using  substituted  Znl.  This  type  Halter  utlHses  the 
first-order  nonlinear  prooess  for  its  operation.  Because  the  Halter 
inoorporetes  a  resonant  oarlty,  it  ssrves  on  additional  flltor  func¬ 
tion  of  rejecting  xndeslred  elgnele  whiah  algfat  cause  InstebiUty. 

The  Halter  is  eonstnieted  in  reduoed-hsl^  bress  aeterisl.  The 
ccwlty  is  ocsgnssd  of  two  wersfulds  holf-ssetions  Joinsd  along  tbs 
broad  diaansiwi  as  shown  in  Fig.  Beoh  helf-sectlofa  is  of  unit 
oonstmotlon;  ths  iris  holf-plotss  sad  ths  warsgulds  flongss  et  eeoh 
end  ere  en  integral  pert  of  ths  aaohlnsd  pises  to  slialnats  lower 
<i*s  resulting  froa  soldersd  iris  plstss.  The  csylty  woe  excited  in 
the  TBi05  aods  with  an  No-Zm  epbsrs  placed  near  the  side  wall  and 
bioasd  along  the  narrow  dliwnaloa.  Using  s  O.OC!;''  diaartsr  sphsrs, 
expsrlasntsl  data  hare  Indiested  that  ths  fllHng  factor  (ratio  of 
sample  wolaoe  to  earliy  woluos)  is  too  saoll*  Ths  oarlty  shown  in 
Tig.  $  Is  bslng  rsdssigned  to  bs  saocitsd  in  ths  TBxoi  and  lorgs 
ZaT  sphores  srs  being  prooeseed.  Thle  ehould  glre  the  neceeeory 
larger  filling  factor  eo  that  the  loseee  in  the  eonple  vlH  represent 
a  euffleiently  large  proportion  of  the  total  osvity  lossss  sbors  ths 
thrsshold  power  lerel. 

COBCUJSIOSS:  A  ferransgnetle  resonance  Hnswidth  of 
3.8  oersteds  at  9*0  me  and  rooa  tsoporature  rspressnts  a  considerable 
in  aoterlal  technology  for  hesagonal  ferrites  with  planar 
anisotropy.  Ths  Hnswidth  eoapores  farorab:!^  with  that  found  in 
single-orystol  YIO  and  in  Hthiva  ferrite.  This  Inrsstigation  has 
shown  that  ths  large  planar  anisotropy  endows  ZaY  aaterisls  with 
serersl  distinct  adrantages  in  enhancing  the  design  of  alerowors 
dsTless.  Ths  anisotropy  field  inersssss  tbs  frsqosnoy  range  for  the 
ooineidenee  of  the  first-  sad  sscondH>rder  proosssss,  which  inbsrsntly 
gires  s  lower  threshold  power  lerel.  In  addition,  tte  snlsotropy 
field  tends  to  dscresss  tbs  critical  field  (power  lerel)  at  which 
apln<^ware  InatablHtles  set  in.  froa  the  asosured  threshold  field,  a 
spin^wors  Hnswidth  of  O.fk  oersteds  has  been  ealeulstsd  for 
aanganees-sUbstltuted  ZnY. 
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A  vtriaty  of  InrostigAtloiifl  on  tho  feMlbility  of  KLerowcr* 
doTieoi  uilng  MogAneso-JvilMrtltutod  ZtlX  ato  currontly  In  th«  dotlgn 
Aaong  tboi  art  an  orthogonal  raaonant  atrlp-Unc  gyroMagnetlc 
liidtar  «t  X'band  fraquenelatj  a  parallax  pugMd  ahmt  am  oarity 
liMtar  at  C^•hand  fraq,u0nclei>  and  a  caylty  aubaldlary  raaon- 

anca  llaltar. 

Turthar  a3Q>ariaental  vork  Involving  the  growth  of  large 
crystals  and  the  substitution  of  other  aleBBnt‘'ji  such  as  alxsainua, 
shovdd  aake  a  host  of  mgnetlc  devices  feasible  In  the  allllJMiter- 
wave  fre<iuency  range. 
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RETROPlKVkL  ELECTRON  FLUX 
PROM  ftASSIVE  TARGETS  IRRADIATED 
Nini  A  MCNOENERGETIC  PRIMARY  BEAM 


RALPH  N.  ORESSEL 
NUCLEAR  EFFECTS  LABORATORY 
WIITE  SANDS  MISSILE  RANGE,  NEW  ;4EXICO 


1 .  INTRODUCTION 


A  collinatdd  bean  of  aonoenergetic  electrons  directed  at  a 
thick  target  will  sustain  a  variety  of  interactions  with  ocoailtaMit 
atonic  nuclei  and  their  associated  atonic  electrons  to  produce  a  large 
dispersal  of  the  original  boM.  Part  of  this  dispersal  is  due  to 
single  coulonb  scattering  together  with  the  simple  diffusion  ejected 
fron  multiple  nuclear  and  electron-electron  scattering.  But,  in  addi¬ 
tion,  secondary  processes  transmit  energy  to  other  resident  electrons 
of  the  target  medium.  Thus,  the  total  number  of  energetic  electrons 
in  the  system  may  exceed  the  number  introduced  by  the  incident  beam. 

For  example,  some  secondary  electrons  nay  i^pear  as  the  recoils  from 
direct  electron-electron  scattering  or  perhaps  as  recoils  from  Compton- 
scattered  bremsstrahlung  previously  generated  within  the  target  by 
the  primary  beam.  Photoelectrons  and  positron-electron  pairs  may 
appear  as  well.  The  relative  contribution  from  each  of  these  numerous 
components  strongly  depends  upon  the  primary  electron  energy  and  also 
upon  the  atomic  number  of  the  target  material.  As  part  of  the  total 
transport  within  the  medium  some  electrons  will  migrate  close  enough 
to  the  target  surface  to  escape.  These  constitute  an  electron  flux 
directed  backward  with  respect  to  the  incident  beam  and  often  have 
been  called  "backscattered**  electrons.  However,  fron  the  previous 
discussiwi  it  is  apparent  that  the  term,  "backscattering"  is  not  suf¬ 
ficiently  descriptive.  Therefore,  a  new  term,  "retrofugal  flux"  is 
introduced  to  include  within  its  denotation  the  secondary  electrons  as 
well  as  the  scattered  primary  electrons.  "Backscattering"  is  more 
^pprc^riately  used  to  describe  the  effect  associated  with  incident 
electrons  having  energies  considerably  less  than  1  MeV.  In  this  case, 
the  backward  flux  fron  the  target  surface  consists  of  two  distinguish¬ 
able  components.  The  onj,  identified  by  its  higher  energy,  consists 
principally  of  singly-  or  multiply-scattered  primaries  while  the  other 
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It  t  low-tntrfy  coapontnt  ccapostd  of  tocondtry-Miittlon  tloctrons 
•joc^td  in  largo  nuabort  froa  tho  target  surface,  but  with  energies 
less  than  SO  eV.  However,  if  the  energy  of  the  incident  electrons  is 
increased,  a  shower  begins  to  develop  within  the  target  so  that  priaary 
and  secondary  electrons  no  longer  are  distinguishable  on  the  basis  of 
energy.  Accordingly,  all  electrons  leaving  the  target  surface  are 
equivalent.  These  constitute  the  retrofugal  flux. 

Earlier  investigations,  in  general,  have  been  conducted  at 
energies  less  than  1  MeV.  These  have  been  collected  and  suianarized  by 
Bothe  (1953).  A  wore  recent  review  has  been  presented  by  Birkhoff 
(1958)  covering  work  prior  to  19S3.  Since  then,  detailed  end  careful 
studies  of  the  energy  and  angular  distribution  of  backscattered  elec¬ 
trons  fron  ■onoenergetic  primaries  have  been  performed  by  Kulenkompff 
and  Spyra  (19S4)  and  by  Kulenkompff  and  Ruttiger  (1954)  using  thick 
%:argets  of  Al,  Cu,  Ag,  and  Pt  and  initial  energies  from  20  to  40  keV. 
Xanter  (19S7)  has  made  similar  measurements  in  an  energy  range  from 
10  to  100  keV.  Using  1.75  MeV  electrons  extracted  from  a  betatron, 
Prank  (1959)  has  Investigated  both  the  angular  distributions  and  the 
mnergy  spectra  of  the  retrofugal  electron  flux  from  Al,  Cu,  and  pb 
targets  at  various  angles  of  incidence  for  the  primary  beam.  Nright 
land  Trump  (1982)  have  reported  experimental  results  for  the  total 
retr;  igal  flux  from  a  variety  of  target  materials  at  incident  electron 
energies  of  1,  2,  and  3  MeV.  The  most  recent  work  has  been  done  by 
Bieniein  and  Schlosser  (1963)  who  performed  measurements  on  Al,  Ag,  Sn, 
and  Au  targets  at  energies  of  60,  75,  and  100  keV.  Although  a  large 
^amount  of  data  has  been  collected  for  incident  electron  energies  below 
SOO  keV,  there  is  sufficient  scatter  in  the  reported  results  to  open 
aerious  questions  about  which  values  to  accept.  Measurements  by  inde- 
|)endent  investigators  at  the  higher  energies  appear  to  agree,  but  there 
is  ^  t:>n  ^  suspect  that  reported  values  all  are  too  low  due  to  vari¬ 
ous  losses  encountered  in  determining  the  electron  flux.  The  measure¬ 
ments  reported  here  have  been  designed  to  avoid  such  systematic  errors 
and  extend  the  observations  to  10  fieV. 

N.  >irous  attempts  have  been  made  to  calculate  the  angular 
distribution  and  the  energy  spectrum  of  the  retrofugal  flux,  Bothe 
(1949)  has  preposed  a  diffusion  theory  applicable  to  energies  near  370 
and  680  keV.  Everhart  (I960},  incorporating  simplifying  assumptions, 
has  obtained  results  applicable  to  energies  below  50  keV  while  others 
including  Archard  (1961),  Engelmann  (1961),  Body  (1962),  and  Tomlin 
(1963)  have  worked  with  diffusion  theories  appropriate  for  energies 
ImIow  100  keV.  Calculations  employing  the  Monte  Carlo  technique  have 
been  performed  by  Sidei,  Higasimura,  and  Kinosita  (1957)  for  2-MbV  elec< 
trons  on  Al,  MacCallum  (1960)  has  also  applied  the  Monte  Carlo  method 
to  calculate  backscattering  coefficients  for  energies  from  10  to 
500  keV  and  more  recently  Green  (1963)  has  run  a  calculation  to  deter¬ 
mine  the  coefficient  for  a  Cu  target  at  29  keV.  The  only  calculations 
applicable  to  higher  energies  have  been  performed  by  Perkins  (19f2) 
who  obtained  values  for  Al  and  Cu  at  energies  from  0.4  to  4  MeV.  In 
each  of  these  calculations,  approximations  were  employed  to  reduce  the 
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conputational  labor;  thareforo,  a  coaparlson  of  conputad  rasults  aitainst 
axparlaantal  Maiuraaants  is  dasirabla  to  avaluata  tha  validitx  of 
approxiRations  usad. 


II,  EXPERIMENTAL  SYSTEM 


Tha  systam  enployad  for  Haasuramant  is  illustratad  in  Fig.  1. 
A  large  cylindrical  scattering  chamber  approximately  12  inches  in 
diameter  and  12  inches  high  has  bean  constructed  of  aluainum  to  reduce 
the  background  currents  due  to  electrons  scattered  from  its  interior 
walls.  Targets  are  solid  right  cylinders  approximately  2  inches  in 
diameter  and  2  inches  long  supported  in  an  aluRinun  holder  mounted  so 
that  the  center  of  the  plane  end-face  lies  precisely  at  the  center  of 
the  scattering  chamber.  This  holder  permits  target  rotation  about  a 
vertical  axis  to  position  it  at  any  desired  angle  with  respect  to  the 
incident  beam.  The  target  surface  exposed  to  the  beam  is  machined 
plane  within  i.OOl  in.  Ten  measurement  ports  are  spaced  around  the 
scattaring  chamber  periphery.  By  rotating  the  chamber  it  is  possible 
to  select  appropriate  pairs  of  ports  that  provide  regularly  increasing 
deflection  angles  from  0*  to  155*  at  S*  intervals.  Thus,  52  angular 
intervals  are  available  with  only  10  ports.  Target  materials  have  been 
chosen  to  span  the  scale  of  atomic  number  from  2*4  for  beryllium 
to  Z  «  92  for  uranium  at  reasonably  uniform  intervals.  Only  metallic 
conductors  have  been  selected  for  targets  to  avoid  accumulation  of 
electric  charge  and  also  to  conduct  away  heat  generated  by  the  incident 
beam. 


Electrons  leaving  the  LINAC  pass  through  a  system  of  aligned 
collimating  apertures  in  a  drift  tube.  This  same  drift  tube  contains 
a  beam  current  monitor  described  by  Orossel  (1965).  It  is  calibrated 
by  removing  the  t«rgot  from  the  beam  which  is  then  caught  in  a  Faraday 
cup  mounted  at  the  straight-through  port.  Although  the  LINAC  current 
is  reasonably  steady  so  that  raeasuremonts  of  relative  currents  could 
bo  made,  greater  precision  is  obtained  by  comparing  the  integrated 
monitor  current  against  the  total  charge  collected  by  the  Faraday  cup. 

A  sliding  bias  is  used  on  the  Faraday  cup  during  charge  collection  so 
that  it  is  always  within  a  fraction  of  a  volt  from  ground  potential. 

This  technique  reduces  to  a  negligible  amount  possible  looses  due  to 
leakage  currents.  An  evaluation  of  the  errors  and  losses  expected  from 
this  Faraday  cup  by  Dressel  (1961)  indicates  they  are  less  than  0,2  per¬ 
cent.  Immediate  repetition  of  monitor  calibration  readings  gives 
results  consistent  within  0.5  percent.  Unfortunately,  due  to  random 
fluctuations  in  the  many  parameters  that  determine  the  LINAC  operating 
conditions,  this  Mgh  precision  cannot  bo  hold  over  a  period  longer 
than  a  fe\c  minute.* .  However,  these  fluctuations  have  a  standard  devia¬ 
tion  of  about  5  percent  so  that  averages  over  several  replications 
yield  results  reliable  within  2  or  5  percent. 
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Although  tho  prlaary  bom  fonod  by  the  LINAC  has  a  croas 
section  not  greater  than  2  lan  in  dianeter,  the  beaie  itself  migrates 
during  the  irradiation  period  and  executes  an  excursion  over  a  region 
about  S  an  in  diameter.  The  collimators  have  been  designed  with  aper¬ 
tures  1  cm  in  diameter  that  when  properly  aligned^  the  electron  beam 
always  remains  within  these  apertures.  Another  collimator  having  a 
conical  taper  is  used  in  the  measurement  port  to  define  tho 'solid  angle 
through  which  the  retrofugal  flux  is  sampled.  This  collimator  views 
the  entire  region  on  the  target  face  from  which  retrofugal  electrons 
may  be  emitted.  When  measurements  of  the  energy  spectra  aro  desired, 
the  analyzer  magnet  ard  deflectioii  chamber  are  installed  as  shown. 
Alternatively,  when  only  onguler  distribution  measuremont s  are  made, 
the  Faraday  cup  is  coupled  lire^tly  to  the  appropriate  measurement  port. 
The  entire  assembly,  including  ncattaring  chamber  and  Faraday  cup,  is 
evacuated  and  connect  id  directly  to  the  LINAC  system.  A  vacuum  gate 
valve  permits  ^usolation  of  the  whenever  the  scattering  chamber  is 

<y>ened  to  changiii  targets  or  parform  other  system  modifications. 

Test  measurements  hitve  been  made  to  check  out  tlie  system  for 
electron  background  and  other  spurious  effects.  The  scattering  chamber 
itself  Mpears  to  be  quite  free  of  such  troubles  and  contributes  a  back¬ 
ground  signal  level  substantially  leas  than  1  percent  of  the  normal 
aignal.  The  Faraday  cup  is  quite  insensitive  to  any  radiation  except 
those  electrons  entering  through  its  aperture  but,  interestingly,  under 
vjgome  conditions  a  small  positive  signal  may  appear  during  operation 
^^^^hila  the  target  is  removed.  It  has  been  determined  that  this  positive 
.signal  is  associated  with  secondary  electron  emission  from  the  outer 
jfsllt  of  the  lead  cup  due  to  broadside  irradiation  with  stray  bremsstrah- 
.  I^ung  from  the  LINAC.  The  effect  is  small  and  has  been  further  reduced 
iby  appropriate  shielding  of  the  LINM;  from  the  rest  of  the  system. 

Another  effect  that  is  slightly  larger  in  magnitude  is  due  to  polarlza- 
tbe  coaxial  cables  in  the  radiittion  field.  This  contributes  a 
ffiSMll  negative  signal.  All  of  these  background  signals  are  negligible 
measuremmts  on  targets  having  atomic  numbers  greater  than  13. 
^Ilowevar,  they  have  been  evaluated  and  are  applied  as  corrections  to  the 
iMasurements  at  lower  atomic  numbers.  A  Feradey  cup  was  chosen  specif¬ 
ically  for  the  detector  in  this  application,  partly  because  of  its 
4  relative  insensitivity  to  spurious  background  effects,  and  also  because 
4t  is  an  absolute  instrument.  Thus,  many  problems  such  as  calibration, 
idead  time,  and  coincidence  lossef  commonly  associated  with  other  detec¬ 
tors  are  successfully  avoided. 


III.  RESULTS 


An  electron  beam  of  finite  cross  section,  upon  entering  a 
solid  target,  spreads  due  to  scattering.  This  behavior  can  be  made 
orisible  by  exposing  a  block  of  PLEXIGLAS  to  the  beam.  After  sufficient 
e]q>osure,  a  green-orange  color  is  registered  in  the  block  recording  the 
electron  deneity.  Tlie  resultant  resembles  the  flair  of  the  bristles 
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on  a  dry  shaving  brush.  Apparantly,  nost  of  tha  alactrons  that  work 
back  out  of  tha  targat  faca  to  form  tha  ratrofugal  fiux  isaua  froO  a 
roglon  having  a  diaaeter  less  than  1/2  tha  electron  range  in  the  aate- 
rial.  This  conclusion  is  supported  by  PLEXIGLAS  exposures  aade  at  the 
target  surface.  Photographs  of  gas  fluorescence  induced  by  the  retro- 
fugal  elrctrons  fron  targets  bombarded  with  a  4S>keV  electron  bean  have 
been  obtained  by  Schunacher  (1962).  These  give  a  visual  indication  of 
the  presence  and  also  the  angular  distribution  of  the  electrons  in  space. 

If  a  target  surface  were  uniformly  bombarded  with  electrons 
over  an  extended  region,  tha  angular  distribution,  expressed  as  tha 
number  of  ratrofugal  electrons  per  steradian  per  second,  would  be  inde¬ 
pendent  of  the  position  on  the  surface,  tut  when  a  narrow  bean  is  used 
position  with  respect  to  the  beam  becoaies  important.  Suppose,  as  in 
Fig.  2,  that  an  electron  beam  of  vanishing  cross  section  is  Incident 
normally  upon  a  plane  target  at  a  position  T .  The  retrofugal  electrons 
escaping  from  the  surface  will  be  distributed  symmetrically  about  the 
incident  bean  axis.  Let  this  distribution  be  described  by  a  function 
Then  the  total  number  of  ratrofugal  electrons  received 
in  a  detector  subtending  a  finite  solid  angle  aA  at  an  angle  ^  meas¬ 
ured  fron  the  target  normal  will  be  given  by  integrating  the  contribu¬ 
tions  fron  all  parts  of  the  finite  incident  bean.  For  a  given  energy 
C  for  the  incident  primary  electrons,  this  number  may  be  expressed 


N(e,E.z)-M.  j  j  j  ^(T)^ip-ri,9,E.^<<a,rfa,rrfn. 

Ail  $f  Sf 

Here  the  label  9f  designates  the  total  area  covered  by  the  incident 
bean  while  Sg  is  the  area  surrounding  the  point  of  incidence  from 
which  retrofugal  electrons  escape.  It  is  expeCwOd  that 
will  be  approximately  a  gaussian  function  of  i]F''F|  having  a  full 
width  at  half-maximum  less  than  the  electron  range  in  the  target  medium. 
The  total  incident  beam  current  expressed  in  electrons/ sec  is  denoted 
by  N«  wiiile  the  function  a(T)  describes  the  bean  distribution  over 
its  cross  section.  A  differential  retrofugal  flux  coefficient 
may  be  defined  as  - 


N(e,E.i) 

N,  Ail 


ao  that 

Ail  Sf  $|r 
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Evidently  p{6iE|Z)  is  the  sveTSjje  vslue  of  obtsined  uncSer 

the  experiaentel  conditions  and  9  is  the  average  value  of  ^  .  Since  I 

all  distributions  are  synunetrical  about  the  bean  axis,  $  is  sinply  the 
angle  between  the  target  normal  and  the  detector  axis.  It  is  clear 
that  the  finite  bean  cross  section  only  decreases  the  resolution  slight¬ 
ly,  but  introduces  no  other  error  providing  the  detector  can  receive 
retrofugal  electrons  from  the  entire  region  over  which  they  issue  from 
the  target.  The  angular  resolution  expected  from  the  experimental 
configuratim  is  *3*.  This  is  quite  adequate  since  all  angular  dis¬ 
tributions  are  rather  broad. 

lleasurements  of  pCS.E.Z)  have  been  performed  using  targets  of 
Be,  C,  Al,  Cu,  Sr,  Mo,  Ag,  Ba,  N,  Pb,  and  U.  The  data  cover  an  angular 
range  from  9  at  90*  to  180*  and  an  energy  range  from  E  9(0.5  to 
10  MeV.  Limited  space  does  not  permit  a  display  of  all  of  these  data. 

Accordingly,  only  the  extremes  are  presented.  The  family  of  curves  in 
Fig.  3  show  the  trends  obtained  with  a  Be  target  for  a  primary  beam  at 
normal  incidence.  The  magnitude  of  p(9,C,4)  drops  rapidly  with 
Increasing  energy  reaching  ninimum  near  7  MeV  and  then  rises  slightly  | 

Again  with  further  increase  in  energy.  This  trend  is  typical  of  the  i 

light-target  materials;  but  as  the  atomic  number  Z  advances, the  drop 
with  increasing  energy  is  less  pronounced  and  the  minimum  tends  to  ! 

disappear.  For  Z  9  13  there  is  no  minimum  at  all.  All  curves  have 
extrapolated  to  100  keV  to  afford  comparison  with  the  work  of 
others  at  the  lower  energies.  Values  indicated  at  9  ■  160*  were 
obtained  by  a  technique  that  circumvents  the  obvious  problem  created 
by  the  primary  bems.  When  a  target  is  rotated  so  that  the  incident  | 

beam  no  longer  strikes  at  normal  incidence,  the  angular  distribution 
pattern  for  the  retrofugal  flux  shifts.  The  maximum  for  this  distribu- 
.  Bion  moves  in  angle  more  rapidly  than  the  angular  displacement  of  the  i 

~~  target.  In  addition,  the  maximum  also  increases  a  few  percent.  The 

anount  of  angular  shift  and  the  magnitude  increase  has  been  determined  j 

for  the  targets  investigated.  Thus,  for  Be .  the  normal  to  the  target 

must  be  set  at  5*  from  the  incident  beam  to  direct  the  maximum  df  the  { 

retrofugal  flux  pattern  Into  the  measurement  port  at  155*.  At  this  | 

angular  offset  the  maximvan  is  8  percent  greater  than  what  it  would 

have  been  at  9  •  180*  and  the  primary  beam  at  nomal  incidence. 

Similar  settings  for  a  U  target  require  an  offset  angle  of  17.5*  and 
A  magnitude  correction  of  1.5  percent. 

Data  obtained  with  a  depleted  uranium  target  are  displayed  by  j 

the  family  of  curves  in  Fig.  4.  The  slower  decrease  in  with  •  I 

•nergy  is  immediately  Apparent,  but  an  interesting  inflection  occurs  in  | 

All  of  the  curves  corresponding  to  a  primary  electron  BQfrgy  near  5  MeV.  .  i 

This  coincides  with  the  threshold  for  photofission  of  ^92  U  at  5.1  MeV, 

Since  such  an  inflection  does  not  occur  for  other  target  materials,  it 
jq)pears  that  energetic  process  of  uranium  fission  adds  a  significant 
contribution  to  the  total  retrofugal  electron  flux  from  this  target. 

The  development  of  ,Z)  as  a  function  of  the  target 
Atomic  number  Z  is  most  conveniently  displayed  at  9 •ISO*.  These 
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eurvss  •!*«  sho«m  Pig.  S.  th«  points  h»vo  been  taken  from  curves 
siniler  to  those  of  Pigs.  3  end  4  for  etch  of  the  targets.  For  small 
values  of  Z  these  curves  rise  rapidly  and  then,  as  Z  continues  to 
Increase,  they  tend  to  level  off.  Such  behavior  is  expected  since  most 
of  the  interaction  cross  sections  for  electrons  with  the  target  atoms 
increase  with  Z.  The  tendency  to  level  off,  on  the  other  hand,  is  due 
to  the  fact  that  only  a  finite  number  of  electrons  can  work  back  out  cf 
the  target  for  a  finite  number  incident.  This  ratio  would  tend  toward 
a  constant  even  if  the  interaction  cross  sections  were  infinite. 

In  Fig.  6,  the  family  of  curves  shows  Z )  as  a 

function  o~  energy  for  various  values  of  Z.  Here  the  general  develop¬ 
ment  from  small  to  large  Z  is  evident  with  interesting  changes  in  the 
structure  of  the  curves.  The  distinctive  appearance  of  the  curve  for  H 
differing  from  all  the  others  at  the  high  energy  end  is  very  clear. 
Effects  of  brorasstrahhmg  generation  within  the  target  are  visible  in 
the  progressive  upward  bow  of  the  curves  in  the  vicinity  of  3  ^ieV. 

Changes  in  the  angular  distribution  of  the  retrofugal  elec¬ 
trons  from  low  Z  targets  are  indicated  in  Pig.  7. Once  more  the  pro¬ 
gressive  development  is  apparent.  At  low  energies,  the  angular  dis¬ 
tributions  tend  toward  cosine  distributions  but  become  sharper  with 
Increasing  Z.  liowovor,  at  the  higher  energies  very  material  changes 
occur.  For  target  materials  having  Z  >  13  the  angular  distributions 
are  all  the  same  and  are  effectively  independent  of  energy.  They  are 
sharper  than  cosine  distributions  and  tend  to  follow  the  values 
expressed  for  A1  at  8  fteV. 

A  comparison  of  the  results  obtained  from  these  measurements 
with  those  obtained  by  other  investigators  is  important  because  of  sig¬ 
nificant  discrepancies  that  exist.  For  the  present  measurements,  the 
earth’s  magnetic  field  deflects  the  very  low-energy  electrons  suffi¬ 
ciently  to  establish  a  low-energy  cutoff  at  about  800  eV.  This  is  con¬ 
sistent  with  the  low-onergy  discrimination  employed  by  others  although 
the  cutoff  value  is  a  little  higher.  A  summary  of  results  is  presented 
in  Fig.  8  where  data  and  calculated  values  reported  by  previous  inves¬ 
tigators  are  superimposed  upon  curves  derived  from  the  present  measure¬ 
ments.  Since  much  of  the  literature  reports  only  the  total  retrofugal 
flux  coefficient  R(E,Z)  obtained  by  integrating  0(8iC,Z)  over  the 
entire  backward  hemisphere,  the  data  in  Fig.  8  are  displayed  in  this 
form.  The  logarithmic  scale  for  energy  was  chosen  partly  for  the  con¬ 
venience  it  affords  in  plotting  the  extended  range  in  energy  and  also 
to  emphasise  the  low-energy  values  where  most  of  the  previous  work  has 
been  done,  it  is  apparent  immediately  that  nearly  all  of  the  previously 
reported  results  lie  below  the  present  values  although  the  general 
trend  with  energy  appears  to  be  similar.  The  range  of  energies  over 
which  measurements  have  been  performed  has  been  indicated  by  .i  horizon¬ 
tal  line  and  the  uncortalntles,  where  they  have  been  given, are  depicted 
by  a  vertical  line.  At  the  lower  energies,  the  present  results  are  con¬ 
sistent  with  previous  reports  that  R  is  roughly  independent  of  energy. 


281 


DRESSEL 


For  A1  the  present  value  falls  close  to  the  general  average*  but  for 
the  targets  of  higher  Z  the  present  values  correspond  uore  closely  to 
the  upper-linit  of  previous  data.  Measurements  reported  at  higher 
energies  agree  moderately  with  one  another  but  fall  substantially 
lower  than  the  present  data.  The  discrepancy  increases  with  increasing 
Z.  A  Monte  Carlo  calculation  of  R  by  Green  shows  very  good  agreement 
tfith  the  present  data.  However*  the  values  obtained  by  Perkins  are 
quite  below  the  present  curves.  To  Illustrate  that  all  calculations  do 
not  agree  with  each  other*  a  value  determined  by  Side!  for  A1  at  2  MeV 
falls  considerably  above  the  current  data. 

The  calculations  performed  by  Perkins  may  be  expected  to 
yield  values  that  are  too  low*  since  the  computation  involved  only  the 
effects  of  scattering  with  energy  loss  but  did  not  include  the  regener¬ 
ation  of  electrons  due  to  secondary  processes.  One  may  take  the  results 
of  Perkins  to  illustrate  how  much  of  the  total  retrofugal  flux  is  com¬ 
posed  of  scatterM  incident  primaries.  The  difference  between  present 
data  and  Perkins  results  then  may  be  regarded  as  due  to  the  additional 
Jki^>energy  secondary  electrons  generated  within  the  target.  Under 
this  interpret at ion  the  discrepancy*  which  increases  with  larger  Z* 
becomes  understandable.  Sidel*s  calculations  were  performed  manually 
and  treated  the  effects  of  Coulomb  scattering  only.  For  the  calcula¬ 
tions  carried  out  by  Green*  however*  contributions  due  to  secondary 
effects  are  not  ieqKirtant  because  of  the  low  electron  energy  treated; 
kjnee*  the  observed  good  agreement  with  present  data  is  significant. 

Low  values  reported  by  previous  workers  are  not  surprizing 
for  as  Kulenkaaqiff  and  Ruttiger  (19S4)  have  pointed  out*  *'Every  operat¬ 
ing  influence  serves  to  impose  a  reduction  in  the  measured  electron 
current."  Recognizing  this*  they  confidently  reported  resu'ts  which 
were  larger  than  other  values  accepted  at  the  time  but  whicu  agree 
quite  well  with  the  present  data.  Measurements  reported  by  Frank  (1959) 
are  probably  low  for  two  reasons.  First*  Frank  argues*  quite  plausibly* 
that  a  target  thickness  equal  to  one-half  the  electron  range  is  an  in¬ 
finite  target  for  all  practical  purposes.  Any  electron  scattered  back- 
waxxls  could  not  escape  from  the  initial  surface  if  it  penetrated  deeper 
into  the  target  than  this.  But  such  an  argument  overlooks  the  brems- 
strahlung  generation  which  contributes  significantly  to  the  retrofugal 
electron  flux.  Since  the  brerosstrahlung  is  quite  penetrating*  much 
thicker  targets  than  Frank  used  are  needed  to  approximate  an  infinite 
medium.  In  fact*  if  Frank's  own  data*  obtained  with  targets  of  increas¬ 
ing  thickness*  are  plotted  against  the  target  thickness  it  becomes 
obvious  that  the  saturation  thickness  hpd  not  been  reached.  As  a 
result*  the  reported  values  are  too  low.  A  second  reason  for  suspecting 
a  low  result  is  associated  with  the  fact  that  Frank  used  geiger  tubes 
for  detectors  and  a  betatron  operating  at  a  frequency  of  500  Hz. 

Although  he  was  careful  to  hold  down  the  counting  rate  there  is  a  dis¬ 
tinct  possibility  that  there  may  have  been  coincidence  losses*  espe¬ 
cially  if  the  electron  flux  were  greater  than  that  expected.  Measure¬ 
ments  performed  by  Wright  and  Trump  (1962)  employed  a  collector  for 
retrofugal  electrons  in  tho  form  of  an  aluminum  cylindrical  cup  having 
a  9.2S-inch  wall  thickness.  It  turns  out  that  0.25  inch  of  aluminum  is 
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approximately  the  range  for  S»KfeV  electrons,  ‘nils  was  the  highest 
energy  employed  in  their  investigation.  However,  a  significant  charge 
loss  will  occur  from  such  a  thin>walled  collector  due  to  ejection  of 
iiedium«energy  electrons  from  its  exterior  walls  as  a  result  of  phnto* 
emission  and  Compton  collisions  by  photons  of  scatteied  bremsstrahlung. 
Such  charge  loss  will  lead  to  a  low  measured  value.  For  the  reasons 
given,  it  appears  that  the  present  measurements  tdiich  were  carefully 
designed  to  avoid  losses  and  other  systematic  errors  are  more  likely  to 
be  correct. 

Energy  spectra  of  the  retrofugal  electron  flux  at  selected 
incident  electron  energies  from  O.S  to  10  MeV  and  for  a  number  of  tar¬ 
gets  have  also  been  obtained.  These  interesting  results  will  not  be 
reported  here  since  they  would  introduce  h  whole  new  topic. 
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roEnuATioN  (F  ^-rzNZTRoiemx/EEmzous  moM  sai/ts 

OF  SIinTROACETONILIlIZf 

F.  EINBERG 
FRAlfCFCia}  ABSEI^L 
FH3IADELFH1A  37^  PA. 

A  general  method  for  preparing  tetrazoles  by  the  reaction 
of  nitriles  with  eodlum  azide  In  the  presence  of  anaonlum  or  trl> 
alA^'lammonlum  Ion  In  dloethylfomamlde  has  recently  been  described. 

It  was  more  recently*  reported^  that  5>trlfluoroaethyltetrazole  could 
be  prepared  by  an  extension  of  this  method  and  that  the  electronega¬ 
tive  trlfluorooethyl  grovg>  promoted  the  reaction  to  such  an  extent 
that  the  use  of  an  amnonlum  catalyst  was  unnecessary.  We  attempted 
to  prepare  the  previously  unknown  dlnltromethyltetrazole  by  the  re¬ 
action  of  dlnltroacetonltrlle  and  sodium  azide  In  water  but  with 
negative  results  probably  due  to  generation  of  the  sodium  salt  of 
dlnltroacetonltrlle  and  the  highly  associated  hydrazolc  acid.  This 
led  us  to  examine  the  reactions  of  salts  of  dlnltroacetonltrlle  with 
eodlum  azide  for  the  fonaatlon  of  dlnltroraethyltetrazole .  It  has 
ZMW  been  found  that  the  product  can  be  obtained  by  the  reaction  of 
sodium  or  aomonlum  dlnltroacetonltrlle  (but  not  the  potassium  salt) 
with  sodium  azide  and  ammonium  chloride  (mole  ratio  1.00;  1.02;  1.02, 
respectively)  In  refluxing  water  but  not  In  dlmethylf ormamlde .  This 
appears  to  be  the  first  example  of  the  use  ot  an  organonltrlle  salt^ 
to  form  a  tetrazole  and  Is  the  first  exac^le  of  a  5->nltroalkyltetra- 
zole.  The  reaction  may  be  represented  as  f oilers. 

(c(ii02)2C»iir  (c(iic^)g  exm)' 

(l)  ring  cloeura  HC(nOb)<^  C—HH 

(4)  wl*  ■■ — ^  Ml  I 
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It  VQuIol  afpMu:  that  tha  atrong  elactroa  vlthdrwiag  affect 
cf  the  gea-dlBltro  gro^p  would  greatly'  enhance  nucLaophillc  attack 
h:'  the  azide  Ion  on  the  carbon  of  the  nitrile  group  The  product ^ 
however,  vaa  obtatned  in  only  yielda  after  purifioation.  llila 

have  been  partly*  due  to  hindrance  of  the  reaction  by  r^ulaion 
of  the  negative  azide  ion  by  the  dinitroaeetonitrlle  anion,  or 
aterleall;^'  by  the  bulky  dlnitronethyl  (proup. 


Over  aeventy  percent  of  tho  dinitroacetonitrile  aalt  waa  re« 
covered  after  24  houra  of  refluxing,  atorting  with  either  the  aodlun 
or  aenoaium  aalt .  In  the  reaction  of  aodiua  dlaltroaoetonitr ile, 
however,  aoet  of  thia  auibatanee  vaa  recovered  aa  the  aoaoniua  aalt, 
which  neana  that  the  amnonlua  chloride  vaa  depleted,  fhia  mty  account 
for  the  aoeewhat  lower  yield  atarting  with  the  aodiua  aalt.  That  thla 
vaa  the  case,  vaa  indicated  when  a  weeh  lower  yield  of  5<-dinitro- 
nettao’ltetrazole  vaa  obtained  using  one-tentb  the  origiDal  aaount  of 
annonium  chloride  catalyet  In  the  reeetion  of  azide  ion  with  aaBonlua 
dinitroaoetonltrile.  Available  farmlua  ion  paqr  also  be  ditpletad  by 
fometion  of  aiaeoniua  vzalta  of  the  prodnete* 


The  yield  of  dinltroaethyltetraeale  obtained  after  48  houra 
.0a  refluxing  wae  nearly  the  ease  aa  that  obtained  after  24  hours, 
while  that  of  dianmonlua  bltetresole  (xi),  a  by-product  of  the  re¬ 
action,  Increased  threefold*  Decoepaeitl^  product#  aleo  incraaeed 
caneiderdbly.  Cyanide  ion  foraed  aa  a  breakdovn  product  was  shewn 
to  be  present  in  the  reaction  olxture  after  24  hours  of  refluxing 
(see  ejq^rinental)  •  Cyanide  ion,  is  turn,  auet  react  to  produce 
;^ltetrafgle. 


Bltetrazole  likely  is  foraed  bj'  nucleophilic  attack  of 
cyanide  ion  on  the  nitrile  oarbon  of  dinitroaoetonltrile  anion.  The 
dinltrcawthyl  group  vould  be  displaced  by  cyanide  Ion  and  the  product 
Jforaed  by  azide  loo  attack  on  the  i^trlle  cazbona,  foUoved  by  ring 
closure. 


|l)  (C(liCfe)2Cll)” 
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It  is  not  clsar  how  ths  cymnids  ion  srlsss.  4^4<>dinitro-4> 

cysnobutyrate  has  bean  reported^  to  react  vlth  BOtbanollc  potass  iua 
hydroxide  to  give  potassium  nsth^'l  4^4>-dinltrobutyrate  and  potassium 
cyanate.  This  reE.ult  was  attributed  to  a  tuicle^philio  attack  by 
hydroxyl  ion  on  the  nitrile  displacing  the  dlnxtrcibutyrate  fragment* 

The  reaction  of  sodium  dinitroaeetonltrile  vlth  sodium  aside 
and  annonium  chloride  in  dlfflrthylformamide  appeared  to  produce  only 
decoiqposltion  products.  HO  product  was  obtained  with  potassium  di- 
nltroaoetonltrile  in  refluxing  water  or  in  dimethylformamlde  at 
110-120*  during  48  hours.  It  has  been  observed  that  potassium  di- 
nltroaeetonitrile  is  unchanged  in  alkylation,  addition,  and  other  re¬ 
actions  contrary  to  the  more  ^uml  behavior  of  the  sodium  and  other 
salts  of  dinitroaeetonltrile.^ 

Mono-  and  dlsodlum,  monoaioaoniun,  and  nonoguanldine  salts  of 
5-dlnlbraBmthyltetraBoIe  also  were  prepared  from  the  free  dibasic 
acid.  The  dlsodlum  salt  was  found  to  be  much  more  thersmlly  stable 
than  the  monosodlum  salt*  This  nay  be  attributed  to  a  pronounced 
resonance  stabilization  of  the  tetrasole  ring  in  the  dianlon  by  zik 
lease  of  an  electron  pair  to  the  ring. 


Infrared  bands  of  dlnitroaethyltetrasole  and  Its  salts 
attributed  to  KH  stretching,  the  tetrasole  ring,  azad  the  nltro  groMpe 
are  sunmarised  in  Table  i. 


ads  of  ^Dlnltravrthyltetxazole 
Azad.  Its  Salts^ 


£: 


The  shift  in  frequency  for  the  nltro  groope  from  1590  cnr^ 
for  dialtraaethyltetresole^  to  1370  or**-  for  the  moaosodium  eeltj  to 
1330  cnr^  for  the  dieodlum  and  norjioanDonlum  ealte,  nay  be  due  to  a 
change  In  elmracter  frota  nltro  to  nltronate^.  The  abeence  of  the 
HK  band  In  the  dlsodiun  salt,  and  its  presence  in  the  aonoeodiun 
salt  of  dinltrosAthyltetrasole  shcvs  that  the  stronger  of  the  two 
acidic  hydrogens  of  dlnltroasthyltetrasole  is  in  the  dinitronethyl 
group.  The  occurrence  of  N-H  Ptretching  below  330O  cn"^  is  Indica¬ 
tive  of  hydrogen  bonding  and  Is  prObabl^'  due  to  intramolecular 
hydrogen  bonding.  For  the  free  acid  this  na;-  be  Illustrated  as 


been  observed  for  2,2- 


vas  treated  with  decolor- 
Izing  charcoal  and  recrystaIXized  from  water.  Sodium  and  amnoolvun 
dlnitroacetonltrlle  were  prepared  from  the  potassium  salt  according 
to  a  previously  describe  1  method^.  The  salts  were  dried  at  100*  for 
2  hrs.,  and  kept  in  a  desiccator  over  Drieritel^;  sodlim  dinitro- 
acetonltrile,  m.p.  224-226*  (llt.^,  m.p.  224-226*);  ammonium  dinitro- 
acetonltrlLe,  m.p.  175-176i  dec.  (lit.®  m.p.  182*,  dec.).  Sodium 
azide  was  treated  with  decolorl<:lng  carbon  and  cr^'stalllzed  from 
water.  Annonlum  chloride  a;)d  guanidine  carbonate  were  reagent  grade 
and  were  used  without  further  treatment. 

Reaction  of  Sodium  Dlnltr pace tonitr lie.  Sodium  Azide  and 
Anrionlum  Chloride.  -  A  solution  of  sodium  dinitroacetonltrlle  (1^.30 
g.,  0.100  molej,  sodium  azide  (6.65  0.102  mole),  and  ammonium 

chloride  (5*50  g«,  0.102  mole)  in  50  nl  of  water  In  a  round  bottom 
flask  fitted  with  a  condenser  and  nacnetlc  stirrer  was  Btirred  and 
1 luxed  for  24  hr.^^. 


f  oU-ows , 


V 

H'?  0 

M  H-H 

H  =  ii 


Intramolecular  >i;  drogen  bonding  also  has 

dlnltroethi'l  amine 


Experimental 


33 


Potassium  dinitroacetonltrlle 
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laolation  o*  Plaiatixmluc  Bltetrasole  Aad  Ite  Con'/yrelon  To 
Bltetrazjle.  ~  Tlie  t;o'i'rtlcn  vas  cooled  and  kent  at  for  sevaraj 
ho’urs  ani  ir’ie  separated  y-riicvlah  solid  was  collaeted  on  a  filter, 
waslied  with  cold  vatejr,  and  dried  at  110*  •  The  yield  of  ^the  salt  was 
0.59  g-  (7*056).  In  another  run  using  half  the  (luantitles,  the  yield 
afti»r  48  hours  of  refluxing  was  O.90  g.  (21,256).  Crystallisation 
fru4  water  f^ve  white  needles  which  did  not  mlet  up  to  300* . 

Ane.l.  Calcd,  for  CgHoKio:  C,  13*95;  H,  4.65;  N,  8l.40. 
Found;  C/Tf*78,  3.3*98;  H,  4.&,  5.02;  N,  81.5G,  82.03. 

The  dlatoracinlum  bitetrasole  was  dissolved  in  an  excess  of 
hot  1056  hjitbrochlorlc  acid  (1  g.  of  salt  in  10  ml.  of  acid).  The 
solution  was  filtered  hot  and  the  filtrate  cooled  to  5*  causing  bl- 
tetrascle  to  precipitate  os  a  v/hite,  cr^'etalllne  solid.  The  product 
was  hljhlj'  ecldlc  in  aq.ueou6  solution.  For  anal^’sls,  a  sample  was 
wcri'etallleed  twice  from  water  aj^  dried  at  110*;  m.p.  255 .0-255 .5, 
dec.  (lit .^*7,  m.p.  254-255,  dec.). 

C2H2n8:  c,  17.38;  H,  1.45;  N,  81. 16; 

,  eq..  59.0.  Pound:  C,  17.33>  17«36;  H,  1.46,  I.5I;  N,  82.40, 

neut.  eq.  60. 1. 

rr 

Isolation  of  5-Dinltroniethyltetra2ole .  -  The  pH  of  the 
*  SMBonlua  bitetraaole  flltra-ce  v;as  adjusted  to  less  than  one  (measwed 
■f^with  a  pH  meter)  with  cone,  hydrochloric  acid.  Hj'drazolc  acid  and 
water  were  removed  under  vrater  asp  Iratlon  on  the  steaia  bath .  The 
fe^remalning  solids  were  e:rtracted  with  boiling  acetone  and  the  insolu- 
^^le  salts  were  removed  by  filtration  and  discarded.  The  acetone  was 
evaporated  under  reduced  pressure,  the  remaining  drj'  solid  was  ex- 
Greeted  severe!  times  with  ethyl  ether  totalling  several  hundred 
’^nllliliters,  azvJ  the  insoluble  solids  reserved  for  recover;-  of 
^f;d,inltroacetonltrlle  salt.  Hemoval  of  the  ether  gave  2,26  g.  of  crude 
^'^roduct.  Crystallization  from  methyl  alcohol  gave  1.39  S*  (8.O56)  of 
white,  crj^atalllne  product  which  produced  Intensel;'  ;'ellcv,  hl^li"^ 

‘  l^acidlc  aqueous  solutions.  Tlje  yield  after  48  hfours  of  reflu::ing 
'  fjuaittg  half  thu  quantities  -vras  0.77  G*  (8.8*^),  For  enal;’sis  a  sample 
r  ^6  ree^'stallized  from  methyl  alcohol. 


SIKD&BG 


Anal.  Calcd,  for  C2lfel^;  C,  13-60;  H,  1.16;  48.28; 

seut.  €4,  ^.0.  Pound;  C,  14.01,  l4.0^^;  H,  1*50,  1.24;  K,  48.10, 

48.20;  neut.  eg..  87-7;  1.65,  il£2  »  3 -60  (w»ter/25* )  .^9 

The  free  acid,  on  baatlxvg  fairly  rapidly  In  a  capillar^'  tube 
produced  nitrogen  dioxide  funen  at  about  100*,  gradually  darkened 
above  150* ,  and  went  abruptly  from  dark  brotm  to  black,  vlthout 
aeltlng,  at  about  l80*. 

1  A 

Recovery  of  Amnonlum  Dinitroacetonitrile  .  -  The  ether  In- 
aoluble  Eolids  were  extracted  several  tines  with  small  quantities  of 
hot  ethyl  acetate  leaving  5.3  &•  of  amraonlun  dinitroacetonitrile 
which  was  collected  on  a  filter.  The  filtrate  was  evaporated  to  a 
small  volume  (approx.  25  ml.),  cooled  to  5*>  snd  an  additional  3.9  g* 
of  ammonium  dinitroacetonitrile  was  collected.  Evaporation  of  the 
final  filtrate  left  2.1  g.  of  amnonluin  dinitroacetonitrile  containing 
a  imall  amount  of  the  sodium  salt.  The  total  recovered  salt  was  11.3  g* 
(76.4^).  Total  recovered  salt  from  the  reaction  mixture  refluxed  48 
hours  using  half  quantities  was  5.2  g.  (70*7^).  The  aimonlina  salt 
was  recrj'stallized  twice  from  alcohol  giving  white  crystals  whose 
Infrared  spectrum  was  identical  to  that  of  a  known  8aag>le  prepared 
as  described  above. 

preparation  Of  Monoananonlum  5-Dinitrometh^‘ltetrazole .  - 
5-D in itromethyltetrazole  was  dissolved  in  sufficient  10^  aqueous 
amr-ionla  to  give  a  solution  having  a  pH  greater  than  9.  The  water  and 
excess  ammonia  were  evaporated  and  the  product  was  crj'stalllzed  from 
ethyl  alcohol.  The  monoaimonlum  salt  darkens  above  195*,  *nd  abruptlj’ 
deconposes  without  melting  at  214*.  Several  attenpts  to  prej>are  the 
dlammonlum  salt  gave  monoammonium  salt. 

Anal.  Calcd.  for  CoHcN^l,:  C,  12.56;  H,  2.62;  K,  51. 36 
Found;  C,  12.69;  H,  2,70;  H,  51.55. 

Preparation  of  Monosodium  and  Disodium  5-DiPitroiaeth:’^l- 
tetrazole.  -  5-I)lnitroraethyltetrazole  was  titrated  electrwnetricall;' 
to  either  the  first  or  second  end  points  with  O.lH  sodium  hydroxide. 

The  water  was  removed  and  the  dry  salts  were  washed  with  alcohol, 
then  with  acetone,  and  then  dried.  The  dlsodlum  salt  appeared  to  be 
unchanged  up  to  3^0*,  and  the  monoeodlum  salt  e:^loded  violently  at 
approximately  I60* . 
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Anal.  Calcd.  for  CaHEgOi^Ha:  C,  12.21;  H,  O.76;  N,  42,73; 

Ma,  11,7^,  Found:  C,  12.24;  H,  0.51;  N,  42,86;  Ha,  11. 73* 

Anal.  Calcd.  for  C,  11.13;  H,  38*39;  »,  21.30 

Found:  C,  11.01;  H,  0.00;  N,  38.53;  Ha,  21.10. 


Preparation  of  The  Monoguanldlne  Salt  of  5-Dlnltromethyl- 
tetratole.  -  5--DiPltroaethylWtrazole  (0.075  g*?  and  guanidine  car~ 
tonate  (0.098  (?.)  were  dissolved  In  two  nl,  of  water.  The  pH  of  the 
solution  was  adjusted  to  about  3  with  concentrated  hj^drochlorlc  acid. 
The  light  yellow,  crj'stalllne  precipitate  was  filtered,  after  cooling 
to  5*,  and  recrystal! ized  twice  from  water.  It  decoiqposed  without 
melting  at  l6l^.0~l64.5*. 


Anal.  Calcd.  for  CoHgNoO^:  C,  15.52;  H,  2.6i;  N,  54.30. 
Found;  C,  15.56,  15.26;  H,  3.57,  3.37;  N,  54.41,  54.20. 


Reaction  of  Anmonlum  ninttroacetonltrile  with  ffrytinn 
And  jUmnonlum  Chlor Ide .  -  Ammonium  dlnltroacetonitrlle  (7*40  g.,  O.050 
mole),  sodium  azide  (3*33  £•>  0.051  mole),  and  ammonium  chloride 
(2.75  g.,  0,051  mole)  in  25  ml.  of  water  were  refluxed  24  and  48  hr. 
Both  reaction  mixtures  then  were  treated  as  described  for  the  re¬ 
actions  with  sodium  dinltroacetcmitrlle  except  that  the  ether- Insoluble 
solids  were  not  extracted  with  ethyl  acetate,  yields  are  summarized 
belcsr; 


Kef  lux  Time 
hr. 


Bltetrazole 
g*  (j£) 


24  0.68  (8.0) 


48  1.80  (21.9) 


Recovered  Ammonium 
5-Dinltromethiltetrazole  Dlnltroacetonitrlle 
S*  ij) _ 6.  _ 

1.07  (12.3)  5.37  (71.8) 

from  2.1  g,  crude 

0.80  (9.2)  2.64  (35.2) 

from  2.7  G*  crude 


A  reaction  using  0.05  mole  of  ammonium  dlnltroacetonitrlle, 
0.051  mole  of  sodium  azide  and  0.0051  mole  of  ammoniun  chloride 
(10  mole  of  the  sodium  azide)  in  25  mj.,  of  water  reflu::ed  24  hours 
gave  0.34  g.  (';.Of0  of  bitetrazole  and  0.2  g.  (2.3-;l)  of  crads 
5“dlnltroT3eth;-ltetrazole . 


After  24  hr,  of  reflu::inG,  the  reaction  mi::ttare  gave  a  posi¬ 
tive  test  for  the  presence  in  large  concentration,  of  cyanldte  Ion 
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MDDAL  ANALYSIS  OF  TFANSIENT  VIBRATION  PROBLE16 
IN  LINEARLY  VISCOELASTIC  SOLIDS 


ALEXANDER  S.  ELDER 
USA  BALLISTIC  RESEARCH  LABORATORIES 
ABERDEEN  PROVING  GROUND,  MARYLAND 


INTRODUCTION 

Spurred  "by  the  urgent  need  for  analyzing  the  stresses  in 
solid  propellant  rocket  motors,  in  order  to  provide  a  more  rational 
basis  for  design,  various  investigators  have  developed  general  methods 
of  analysis  based  on  the  similarities  exhibited  by  the  basic  equations 
in  linear  elasticity  and  viscoelasticity.  E.  H.  Lee  and  J.  R.  M. 

Radok  (l)  developed  a  correspondence  principle  for  quasi-static 
problems.  A  more  general  approach  based  on  the  classical  stress 
functions  for  an  elastic  solid  has  been  si;iggested  by  the  author  (2), 
and  also  by  G\artin  and  Sternberg  (3).  A  new  correspondence  principle 
established  by  D.  S.  Berry  (4)  provides  a  general  method  for  solving 
steady  state  vibration  problems. 

Formal  solutions  of  transient  vibration  problems  may  be 
obtained  by  means  of  the  Laplace  transform,  but  inversion  of  the 
resulting  transform  by  analytical  methods  heis  not  been  possible  in  the 
general  case  (5).  C.  R.  Bland  has  given  solutions  in  terms  of  one¬ 
sided  Foxirier  transforms.  Evaluation  of  these  transforms  by  numerical 
methods  is  difficult  because  the  integrand  is  highly  oscillatory.  E. 
Volterra  used  separation  of  variables  in  an  early  and  important 
paper  (6),  but  his  treatment  of  initial  and  boundary  conditions  is  not 
entirely  satisfactory.  In  this  paper,  it  is  shown  that  his  method  is 
valid  only  if  the  boundary  conditions  can  be  reduced  to  a  form  that 
does  not  involve  the  viscoelastic  properties  of  the  material.  If  this 
condition  is  satisfied,  the  boundary  conditions  will  generally  deter¬ 
mine  a  sequence  of  real  characteristic  numbers,  and  Sturm- Li ouvlUe 
methods  may  be  used  to  obtain  the  con^ilete  solution.  Cauchy  contour 
integrals  provide  a  more  genercQ.  type  of  solution  when  the  Sturm- 
Liouville  theory  does  not  apply. 
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Th>  ^lo  Squat ioM*  Th*  'bMlc  equatloot  Are  expressed  In 
splMrlcAl  cooimnetes  r^  9,  a.  This  coocrdlnete  system  Is  used  as  the 
vehicle  for  developing  the  theory  heoAuse  a  vArlety  of  displAcemnt 
fields  Bsy  be  expressed  In  tends  of  Bessel  functions  of  bAlf>lntegrAl 
order.  Coogputetlon  of  these  functions  for  both  reel  end  cosplex 
erguMSnts  ney  be  cerrled  out  In  teras  of  elSDentsry  functions.  The 
•quAtlODS  of  notion  ere  (?) 


r  .  1  ra 


,  1  ^re 

-  "a  -  'e  *  ’re 

cot  0 

"3r  ■*“  ?“3r‘ 

r 

,  1  ^^06 

,  5’ra  ’  *’ae  ® 

S^v 

J  “35  r  “ST 

r 

P  “5 


1  ^0  ,  5’r®  *  ‘”8  -  * 


.  ..i. 

f* 


TITS  “35"  *  F  "35 


^IsplAcesnnts  end  strAlns  ere  relsted  by  the  equations 


P  — 5 


1  u 
*  r  3r  r 


1 

bv  u 

^Of 

*  r  sin  < 

5  "35  ^  r 

1 

du  V 

^ra 

*  r  sin  < 

5  35  “  r 

1  du 

“F35  - 

V  .  dv 
r  ^ 

1  dw 

w  cot  0 

^aO 

*  r  ^  ■ 

r 

Two  stress-strain  lavs  are  required  to  express  the  mechani¬ 
cal  behavior  of  an  Isotropic,  llnecu'ly  viscoelastic  solid.  Let  G(t) 
^  the  response  to  a  unit  step  function  of  etmln  applied  at  t  =  0; 
then  the  response  to  an  arbitrary  strain  is  given  by 


t(t)  -  7(t)  0(0+)  +  J  7(tj^)G’(t  -  tj^)dtj^ 


mm 


provided  the  etreeiee  end  etrelne  ere  zero  prior  to  t  -  0  (6).  The 
tens  7(t)  G(0-«-)  represents  the  purely  elastic  response;  the  hereditary 
integral  represents  the  delayed  response.  A  funtionol  notation  of 
V,  Volterra  vlll  be  used  to  abbreviate  the  right-hand  side  of  Bj.  (3). 

t 

0  Cr(t)}  -  7(t;  0«K)  +  J*^  7(tj^)  Q'(t  -  (*^) 

^e  stress-strain  lows  involving  the  shear  isoduluB  ore 


^r9-® 

Op  -  Oj  -  20 

“a  -  "a  *  ^ 

(5) 

"a  -  “r  -  » 

The  buUc  modulus  K(t)  is  a  measure  of  the  hydrostatic  pressure  pro¬ 
duced  by  an  infinitesimal  change  in  volume. 

e  -  3K  [e(t)] 

where  0  -  o  +  o-  +  o  .  e  «  c  +  +  c  . 

T  Q  a*  r  0  a 

Applications  of  the  Stvirm-Liouville  Theory.  Consider  a  rod 
bounded  by  the  conical  surface  0  =  fib  end  the  spherical  surfaces  r  «  a 
and  r  =  b,  where  b  >a.  We  assume  the  rod  is  fixed  at  r  -  a.  At  r  <*  b 
it  is  attached  to  a  rotating  disc,  as  shown  in  Fig.  1.  The  motion  of 
the  system  produced  by  a  step  function  of  torque  applied  at  the  disc 
is  required.  The  solution  is  based  on  H,  LanjD'e  analysis  of  free 
torsional  vibrations  of  a  solid  elastic  spheio  (9).  In  the  solution 
considered  here,  concentric  spherical  surfaces  rotate  about  the  axis 
9*0  without  distortion.  We  assume  that 

u  =  0,  v  =  0,  w  -  (r  sin  O)  t(f(r,  t)  (6) 

where  ijf(r,  t)  is  the  angle  of  rotation.  Then 

7^  -  (r  sin  0)  ^  G  [^]  (T) 

The  remaining  stresses  and  strains  are  zero.  The  first  and  third 
equations  of  motion  are  satisfied  identically;  the  second  equation 
reduces  to 


(8) 
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Sepeu:able  solutions  suitable  for  analyzing  standing  waves  are  obtained 
by  assuming  that 

♦(r,  t)  =  R(r)  T(t)  (9) 

Then 

T"(t)  +  [T(t)]  =  0,  rR’'(r)  +  4R'  X^rR  =  0  (lOa),  (lOb) 

where 


The  twisting  moment  M(r,  t)  Is  required  In  the  analysis  of 
the  boundary  condition  at  r  =  b.  We  have 

M(r,  t)  =  (r  sin 


where  r  sin  0  is  the  moment  arm  and  AS  is  an  element  of  surface  area. 
We  also  have 


AS  =  (r^  sin  O)  AO  Aa,  =  (r  sin  °  [^] 

We  obtain  the  formula 

M(r,  t)  =  f(e^)r‘'  g[^  1  (11) 

where 

f(0o)  =  ~  (2  -  5  cos  0^  +  cos^  0^) 

We  consider  free  vibrations  first.  The  boundary  conditions 
at  the  stress-free  conical  surface  0  =  Cb  «ut*e  satisfied  since  Og  = 

Tgr  =  Iqq  =  0-  The  bar  is  f ix< 1  at  r  =  a,  so  that 

=  0  at  r  =  a  (12) 

The  boundary  condition  at  r  =  b  may  be  regarded  as  the  equation  of 
motion  of  the  disc. 


In  Eq.  (9),  we  set 


R(X,  r)  =  C^(Xr)  Sj^(Xa)  -  S^(Xr)  C^(Xb), 
where  the  functions  S^(x)  and  ®ire  given  by  (l4). 
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s  (x)  =  (i 

"  '  X  dx  ' 


n 


(1^) 


X 


X 


su^ 


On  coatolnlnf  these  reeulte,  ve  obtain  the  characteristic  equation 

A(X)  -  0  (15) 

where 


A(X)  «  iX^R(X,  b)  -  ,  i  -  J^/p  bV(O^) 

This  characteristic  equation  involves  only  the  inertial  and  geometric 
properties  of  the  system,  and  not  the  viscoelastic  properties  of  the 
rod. 


£q.  (15)  is  satisfied  by  a  seauence  of  real  characteristic 
roots  X^,  Xg  ...  X^.  Ihe  functions  z^R(X^,  r)  form  an  orthogoned  set. 

We  can  prove  that 

b  K  . 

r  R(X^,  r)  R(X^,  r)dr  +  /b  R{X^,  b)  b)  *  0,  n  /  m  (16) 


According  to  the  Sturm- Liouvl lie  theory  (ll,12),  a  suitably  restricted 
function  may  be  represented  by  a  generalized  Fourier  series  of  the 

«D 

form  E  c  B(X  ,  r).  The  coefficients  are  calculated  by  a  generaliza- 
,  n  n  VO 

n=l 

tion  of  Fourier’s  rule.  Consider,  for  Instance,  the  function 

3 

Ro(r)  •  ^(1  -  ^),  which  is  a  particular  solution  of  Eq.  (8).  We 
assume  that 

CD 

\ir)  -  I  c^R(V 

where 


c 


n 


r"R  (r)  R(X  , 
o  '  '  n* 


r)dr  +  Ib^P  (b)  '.(X  , 
o  n 

r)dr  +  Jb^ 


b) 


(18) 


The  numeratw  may  be  evaluated  by  multiplying  Eq.  (lOb)  by  Bo(r)  «uid 
integrating;  a  limiting  process  described  by  Ford  (ij)  is  used  for  the 
denoBilnator.  The  results  are  furtner  simplified  by  using  the  boundary 
conditions  satisfied  by  K^(r)  and  * /•  We  obtain  finally 


c 


n 


x=x. 


n 


(19) 
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Th«  noraal  coordlMtet  T^(t)  ar«  ottaiiMKl  from  Iq.  (lO)  hy 

M«iui  of  the  lAplece  trenefora.  Mi  eeswe  that  T((H)  ■  T'(CH)  -  0; 
then 

?<•) - iTrTT  (*o) 

•  +  Q  u(e) 

The  forced  vibretione  produced  by  a  torqvie  which  la  pro¬ 
portional  to  0(t)  My  be  expressed  in  teras  of  the  nomal  nodes  smd 
nonsal  coordinates  derived  above.  The  response  to  a  step  function  of 
torque  is  than  obtained  by  solving  a  Volterra  Integral  equation. 
Final'y,  the  response  to  an  arbitrary  torque  My  be  calculated  by 
using  Duhaael's  integral^  since  the  nechanlcal  system  under  consid¬ 
eration  is  linear.  Consider  the  series 


♦(r,  t)  »  FQ(r)  -  r  ®n**^^n* 

n»l 

which  forMlly  satisfies  Eq.  (6)  and  the  Initial  conditions 

♦  (r.  t).0,  when  t  «  0-^,  a  s  r  s;  b 

The  torque  is  obtained  frcn  Eq.  (ll).  Ve  find  after  som  reduction 
that 

2 

^  M(b,  t)  .  M^(t)  -  a^f(o^)  0(t)  (J 

Let  0(r,  t)  be  the  response  to  a  step  function  of  torque.  Then  the 
response  to  the  torque  M^(t)  is  gi^n  by  DuhaMl's  Integral: 

t(r,  t)  «  M^(t)  0(r,  0+)  ♦  J  M^(tj^)  ^  0(t  -  tj,)dtj^  (i 

“  o  1 

As  the  fuz:ction  t  is  known  and  0  is  unknown,  this  equation  will  be 
regarded  as  a  Volterra  Integral  equation  for  0.  To  solve,  write 
f(r,  t)  in  the  alternate  form 

«D 

♦(r,  t)  -  r  C^R(X„,  r)  {l  -  T^(t)},  U 


calculate  the  Laplace  transform  of  the  last  four  equations,  and  then 
solve  these  transfamed  equations  for  ^(r,  s).  We  obtain 

“  n  ®  c  5  (.)  R{X  ,  r) 

?(r.  .)  .  y  -"--j”  (25 

U  r\  1 


If  a  sprlrig-dashpot  model  is  used  to  represent  the  visco¬ 
elastic  properties  of  the  rod,  the  stress-strain  laws  may  be 
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If  qo  >  0,  the  roots  of  p(e)  *  0  and  q(s)  -0  are  negatlvej 
reolj  and  single,  and  are  Interlaced  along  the  negative  reeO.  axis.  If 
qo  0,  then  q(e)  has  a  simple  root  at  the  origin.  The  poles  and  zeros 
of  the  transfer  function  h(8)  «  p(8)/q(B)  alternate  along  the  negative 
real  axis,  as  shown  in  Fig.  2,  The  equation 

sV*)  +  =  0  (28) 

has  m  2  roots  since  the  pol^^nomlals  p(e)  and  q(B)  are  of  degree  m. 
This  equation  may  he  written  in  the  form 

h(B)  s  -fJ^/s^ 

A  total  of  m  real,  simple  roots  cure  obtained  at  the  intersections  of 
the  curves  y  *  h(e)  and  y  =  -rf’/s";  the  remaining  two  roots  are 
complex.  We  can  prove  that  the  real  psu't  of  these  complex  roots  is 
negative,  as  would  be  expectel  on  physical  grounds.  The  response 
0(r,  t)  is  obtained  by  means  of  the  Heaviside  inversion  foraula.  We 
find  that 

0(r,  t)  =  Z  K(Xj^,  r)  r^(t) 

where 


^,t  ^  t  in+2  ^  t 

F^^(t)  =  Dq  +  D^t  +  D^e  cos  u)^t  +  P^e  sin  m^t  +  E 

If  q  =  0,  I^Cs)  has  a  double  pole  at  the  origin,  and  D.  >  0;  if 
q^  >°0,  this  pole  is  simple,  and  «  0.  ^ 


The  response  to  an  arbitrary  torque  may  now  be  found  by  a 
direct  application  £q.  (23),  since  0  is  now  known. 
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Th«  Stum^LlouvlUe  theory  leiiy  b«  appll«d  to  any  dynamic 
problem  In  whlcn  all  the  charocteriatlc  nustbera  are  real  and  the 
characterlatic  functlona  form  a  complete  orthogonal  aet.  Conalder 
for  Inatance  the  vlhratlcne  In  a  hollow  viaccelastic  sphere  In  which 
the  outer  aurface  la  bonded  to  a  rigid  caae  and  the  Inner  aurface  la 
subjected  to  an  arbitrary  radial  displacement.  We  aaaume  that  v 
and  V  vanish,  and  u  la  Independent  of  0  and  a.  Then 


du 


-  *a 


u 


ra 


The  equation  of  motion  In  terns  of  the  radial  displacement  is 


2  du 


r  " 


S'u 


We  aacume  a  separable  solution  of  the  form 
u(r,  t)  »  U(r)  T(t) 


Then 


(50) 


(51) 


+  2rU*  +  (X^r^  -  2)U  -  0,  T"  +  Ci^{K  +  ^  0)[T(t)  j  -  0 


The  first  equation  has  the  general  solution  U(\,  r)  =  rR(X,  r).  We 
assume  that  U(r,  t)  =  0  when  r  «  a  and  r  »  b.  Then 


U(X,  r)  -  C^(Xb)  rS^(Xr)  -  S^(Xb)  rC^(\r) 
Let 


(55) 


^(X)  =  U(X,  a);  then  a(X)  c  0 

Is  the  characteristic  equation  for  these  boundary  conditions.  The 
functions  rU(X^,  r)  form  a  complete  orthogonal  set  if  the  X^  ar«  roots 

of  this  characteristic  equation. 

The  transient  vibrations  produced  by  the  radial  dleplace- 
ment  of  a  boundary  can  be  expressed  in  terms  of  these  normal  modes 
and  the  function  ^^(r)  defined  below.  Aroume  that 

u(r,  t)  -  0,  -0,  tco,  asrsb 

u(r,  t)  s  1,  t  >  0,  r  -  a 

The  function  hb(r)  «  a  (b^  -  r^)/r  (b^  -  a^)  Is  a  particular  solution 
of  Eq.  (5l)  and  satisfies  the  boundary  conditions  Ub(b)  =  0,  IJb(a)  =  1. 
It  may  be  ejqtanded  in  series 


U„(r)  -  I  c„U(X^,  r) 

n^j. 
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where 


J'a'’ 


ZU^(») 

rSTTT 

n  n 


after  evaluation  hy  the  limiting  process  described  previously.  The 
displacement  u(r,  t)  is  given  by  either  of  the  series 


u(r,  t)  ^  U  (r)  -  I  c  U(X  ,  r)  T  (t)  ^  E  c  U(X  ,  r)  F  (t) 
'  o  '  n  n'  n  n  n'  '  "  ' 


where 


F  (t)  =  1  -  T  (t),  f  (s)  -  -  T  (b) 

n  '  n  n'  '  n'  ' 


"  (54) 

(55) 


The  function  F  (t)  is  obtained  by  means  of  the  Laplace  trsuisform.  We 
find  ” 


*=  -  ^  -  ,  ^  -  u  o  O 

e  +  Cf  {K(6)  +  I  5(e)}  8V(*)  n V (s) 

where  q"(8)/Bp"(s)  is  the  Laplace  transform  of  K(t)  t  ^  G(t), 
combining  the  preceding  results,  we  find 

\"ie) 

8^p"(8)  .  fi  V(8) 


On 


(56) 


The  function  F(t)  may  be  evaluated  by  Heaviside’s  expansion  formula. 
The  pole  at  the  origin  is  simple,  so  that  the  linear  term  Is  absent. 


Application  of  Contour  Integration.  ’The  Sturm-Llouvllle 
method  used  ?.n  the  preceding  analysis  is  effective  only  if  separation 
of  variables  in  the  boundary  conditions  leeuls  to  a  cheuracterlstic 
e<iuation  with  real  roots  only.  The  characteristic  equation  must  not 
Involve  the  normal  coordinate  T  (t)  or  the  transform  variable  s.  If 
the  boundary  conditions  are  homSgeneous  and  linear,  but  do  not  satisfy 
the  above  conditions,  we  assume  8epeu*able  solutions  with  exp  (st)  as 
the  time-dependent  factor.  A  frequency  equation  for  real  and  complex 
values  of  s  is  obtained.  In  general,  the  associated  modes  of  dis¬ 
placement  do  not  form  an  orthogonal  set,  so  that  coefficients  in  the 
expansion  of  an  arbitrary  function  cimnot  be  calculated  by  Fourier's 
rule.  A  formal  expansion  based  on  conto'r  integration  is  suggested. 
Foansal  solution  of  two  dynamic  problems  are  obtained  by  this  method. 


If  we  add  a  torsional  spring  to  the  torsional  pendulum,  as 
indicated  in  Fig.  1,  the  equation  of  motion  of  the  disc  becomeH 
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+  kt  +  M(r,  t)  »  0  at  r  ■  b 


(37) 


We  aesuae  that  f(r,  t)  •  R(X,  r)  T{t).  We  find  after  sotae  reduction 
that 


A(X)  T"(t)  +  PXS(X,  b)  T(t)  -  0 


(38) 


where  0  ■  ik/j^.  Clearly  ve  cannot  separate  variables  In  this  equa¬ 
tion  If  T(t)  Is  arbitrary  and  3  0.  We  obtain  a  complex  frequenc,” 
equation  by  asstuolng  that  T(t)  -  exp  (st);  then 


e^  -  b)/A(X) 


(39) 


right-hand  side  of  this  equation  Is  an  even  function  of  X.  The 
variables  X  and  s  are  also  connected  by  the  relation 


^  (XO) 

The  resQ.  roots  satisfying  these  equation  may  be  located  by  finding 
the  Intersection  of  curves  defined  by  Eqs.  (59)  and  (*+0),  plotted  in 
the  X,  6  plane. 

2 

As  the  functions  r  R(X,  r)  no  longer  form  an  orthogonal  set, 
a  more  general  procedure  is  required  in  order  to  find  the  response  to 
a  step  function  of  torque.  Assume  that 


t  >  0,  rob 
t  <  0,  r  «  b 


(^l) 


J^s^  +  k?  +  M(b,  s)  *  ~  (42) 

Assume  that  ^  «  rCs)  B  (XCs),  r],  and  solve  for  z(s).  Then  evaluate 
0(r,  t)  formally  by  the  Inversion  integral.  We  obtain 


0(r,  t) 


«  c+1®  Rfx(B).  r]  e**^  ds _ 

^  ■  c-l»  e^AX(8)  -  3sX‘'(s)  R  {X(8,  b)) 


This  a.  presslon  may  be  reduced  to  a  Fourier  integral  by  a  change  of 
variable,  and  evaluated  numerically  for  various  values  of  r  and  t. 
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However,  this  form  of  the  solution  does  not  exlilblt  the  damped  hamo* 
nlc  nature  of  the  solution.  A  formal  solution  of  the  fonr 


0(r,  t) 


r(r)  +  Z  cB  {l(s.), 
1 


1 

(U4)  I 


may  be  obtained  from  the  Heaviside  expeuislon  formula,  provided  the 
roots  satisfying  both  Eqs.  (39)  vid  (4o)  can  be  located.  The  practi> 
cal  difficulty  of  locating  these  roots  may  limit  the  usefulness  of 
this  method. 


The  occurrence  of  two  distinct  time-dependent  moduli  in  the 
boundary  conditions  also  prevents  separation  of  vsjlables  for  arbi¬ 
trary  T(t).  Consider  the  radial  vibrations  of  a  sphere  subject  to  the 
boundary  conditions 

u(r,  t)  -  0,  r  -  b;  o^(r,  t)  ■  0,  r  «  a  (U^) 

We  assume  u(r,  t)  ■  U(X,  r)  T(t),  where  U(X,  r)  Is  given  bv  Eq.  (33), 
The  radial  stress  Is  calculated  from  Eqs.  (2),  (6),  and  (7),  We 
obtain 

“r  “  *  t} 


We  cannot  satisfy  the  boundary  condition  «  0  at  r  <=  a  for  all 

values  of  t  unless  K(t)/G(t)  Is  constant.  E.  Volterra  apparently  over 
looks  this  point  In  his  analysis  of  a  related  problem.  In  formulating 
the  cliaracterlstlc  equation,*  he  neglects  the  hereditary  portions  of 
0(t)  and  K(t)  in  calculating  o^,  so  that  the  results  are  exact  only 

at  t  -  0+.  In  gener»3.,  if  a  viscoelastic  material  is  In  the  rubbery 
state,  G(t)  decreases  more  rapidly  than  K(t)  as  t  Inci'eoses,  and 
consequently  G(t)/K(t)  /  G((H)/K{0<-)  when  t  is  large. 


The  response  to  a  step  function  of  pressure  may  be  expressed 
SIS  sui  inversion  Integr&il.  Assisne  that 


Then 


u(r,  t)  «  0,  r  B  b 

o(r,  t)  «  0,  t  >  0,  r  -  a 

■  1,  t  >  0,  r  B  a 

j  (s,  r)  B  —  when  r  «  a. 


(47) 

m 


Eq, 

it. 


(25)  of  his  paper  and  the  unnumbered  equation  which  precedes 
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We  find  after  some  manipulation  that 
f.  c+l«  f  »  St 

2nl„^(r,  t)  .  J  .  £j-  d.  (19) 

where 

,(x,  r)  .  4  5(,)  .  j  );(.)  (50) 

2 

Eq.  (4o)  shews  that  X  Is  a  single-valued  function  of  s.  The  radial 
stress  may  he  expressed  as  a  bilinear  series  of  the  type  given  In 
E(i.  (44);  however,  the  calculation  of  the  coefficlentp  and  character^ 
Istlc  frequencies  would  be  difficult, 

StatvuB  of  the  Calculations.  CeQculatlons  are  In  progress 
for  the  two  problems  solved  formally  by  the  Sturm- Llouvllle  theory. 

The  calculations  are  based  on  the  dimensions  given  In  Fig.  1.  N.B.S. 
polyisobutylene  is  used  as  a  representative  viscoelastic  material. 
Viscoelastic  model  constants,  were  calculated  by  Capt.  W.  Goldberg  by 
the  method  Indicated  in  Ref.  (l4).  These  model  constants  are  given 
In  Ref.  (15).  ^e  real  and  ccnplex  roots  of  Eq.  (28)  have  been 
calculated  by  the  method  given  In  Ref.  (16).  The  functlctis  F  (t)  are 
being  calculated  by  meeins  of  the  Eeavlside  expansion  formula.*^ 

Conclusions.  Transient  vibration  problems  in  linear  visco¬ 
elasticity  may  be  solved  by  means  of  the  Sturm- Llouvllle  theory 
provided  the  homogeneous  boundary  conditions  for  the  free  vibrations 
can  be  combined  to  give  a  characteristic  equation  with  real  roots. 

This  characteristic  equation  will  depend  only  on  th^'  geometric  and 
Inertial  chetractcrlstlcs  of  the  system,  and  not  on  the  viscoelastic 
properties  of  the  solid. 

If  all  the  conditions  of  the  preceding  paragraph  are  not 
satisfied,  it  is  still  generally  possible  to  reduce  the  homogeneous 
boundary  conditions  to  a  coirolex  frequency  equation  by  assuming  sepa¬ 
rable  solutions  with  exp  (st)  as  the  time  dependent  factor.  The 
associated  modes  of  deflection  will  generally  be  non-(3rthogonal. 
Transient  vibration  problems  of  this  type  may  be  solved  by  c<xitour 
integrals,  which  may  be  evaluated  by  residue  theory  or  reduced  to  a 
Fourier  Integral  by  a  charge  of  variable. 

Acknowledgment .  The  calculations  have  been  prcgranmied  for 
the  BH1£QC  Computer  by  Mrs.  E.  Wineholt  and  Mrs.  A.  DePue. 
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b  «  6  cm 


1 

M(b,  t)  =  1,  t  >  0  u(a,  t)  =  1,  t  >  0 


^  +  Xy(b,  t)  +  M{b,  t)  =  1,  t  >  0 

SyeteniB  Solved  by  Contour  Integrals 
Figure  1.  Mechanical  Systems  Considered  In  Text 
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THE  RECOVERY  OF  THE  ULTRASONIC  ATTENUATION 
IN  COPPER  SINGLE  CRYSTALS 
FOLLOWING  SMALL  PLASTIC  DEFORMATION 
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Wh«a  a  aatal  undergoes  smell  plastic  deformation,  there  is 
a  change  in  its  apparent  Younf^'s  Modulus  and  internal  friction.  Both 
of  these  quantities  recover  following  the  deformation. 

It  is  the  aim  of  this  experiment  to  study  the  decrease  of 
ultrasonic  attenuation  in  copper  single  crystals  following  small 
plastic  deformation. 

THEORY; 

Ultrasonic  attenuation  in  metals  is  strongly  affected  by 
dislocation  density  and  dislocation  loop  length. Granato  and 
Luckc'^'  developed  a  theory  based  on  a  model  by  Koehler,  idiich  pre¬ 
dicts  that  the  strain  independent  decreswnt  of  an  ultrasonic  wave  in 
a  single  crystal  due  to  d,? j locations  is: 

1 


and  the  change  in  modulus; 


£  is  Young's  Modulus, 

!•  H  ,  idiere  e(  is  the  attenuation,  fX  is  the 

orientation  factor,  which  takes  into  account  that  the  shear  stress  on 
the  slip  plane  is  less  than  the  applied  longitudinal  stress,  is 
the  dislocation  dei^sity,  L  is  the  average  loop  length,  d  is  a  damp¬ 
ing  constant,  m  is  the  frequency,  azul  C  is  the  dislocation  line 
tension. 

L  ,  the  loop  length,  is  the  average  length  of  the  edge  com¬ 
ponent  of  a  dislocation  network  which  lies  oetween  two  pinning  points. 

The  behavior  of  this  length  L  towards  an  elastic  wave  of 
small  amplitude  traveling  in  the  metal  is  that  of  the  string  vibrat¬ 
ing  in  a  viscous  medium.  The  conditions  imposed  on  such  a  string  are: 
al  its  end  points  are  fixed: 
b)  it  can  only  vibrate  in  slip  planes. 

yn 
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for  ^  tjpoa  of  plna, 
bnt  ti  m  Hi  /  h 


no  that 
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^  ’  -h  ’  £  i 
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for  only  too  typoa  of  plna  la  addition  to  notwork  plna* 

Tha  rocooary  of  tho  ulcraoonlc  attonnatlon  la  baaod  on  tho 
abooo  ofuatlon  alnco  la  a  tlna  dopandant  qnantlty*  €,  la  tha 
ooneantratlon  of  oacancloa  ohlch  hava  dlffuaod  to  dlalocatlona  on  tho 
dlalooatlona  aftor  ploatlc  dofocnatlon,  mi  la  tho  Inpuklty  con* 
contratlon  at  dlaloeatlon. 
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ia  slTaa  by  tha  C»ttrall>lllby  atraia  atias  ^aa  arittao 
la  tana  of  coacootratioaa  for  f.c.c.  aatala* 

o' 

abara  la  tha  coacaatration  of  dafonatioa  pro4acod  oacnclaa  ia 
lattlca,  or  la  a  coaatffit  with  vaiaa  of  about  3*  ^  la  a  paraaator 
Maauvlas  tha  atraar.tb  of  tha  cottrall  attractioa,  «id  ^  la 
tha  diffualoa  coofflclaat  ahara  1/  ia  tha  actiaatlaa  aaar&y  for  Blgrar 
tloB  of  tha  daf#at« 

Tha  aqulllbrliM  eooeaotratloo  of  thaaa  yolat  dafaeta  oa  tha 
dlalocaCloaa  la  tlaaa  by  tha  Cottiall  ralatloa. 

C/  •  C#  4MJ0  { 


for  vaeaaelaa.  Cm  la  tha  aacaacy  ooncaatratloa  la  lattlea  (total)* 

C/  la  tha  aacaney  coaoaotratloa  on  dialoeatlaa  and  Q.  la  tha  iatar« 
actloa  aaargy  batoaaa  tha  aacney  aad  dlaloaatloa. 

fubatltutlag  aquatloaa  4  and  3  lato  aquation  I  vlLI  obtain 
tha  follo«rla(  raaulta: 


and  tVa  la  tha  IniMirlty  conaaatratlon  la  lattloa. 

Ifuatloa  6  (o)  ^adlcta  that  a  tra^  of  laf  ^  aa» 
glaaa  a  atralgbt  liaa  aboaa  alo^  aquala  ,  ahaea  U  aqaala  tha 
aetlaatloa  anargy  of  nlgratlon  of  tha  dafacnacian  aavaad  point  dafoct. 
7. 


FRANKEL 


T 

(nlnr*'3 

a. 

373 

10-1  ^ 

1.6*16-* 

"1.* 

353 

27.7*10-3 

61*10-3 

18.5 

360 

16.3*10-3 

20*10-3 

68.5 
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5.91*10-3 

8.2*10-3 

180 
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3.08*10-3 

6.6*10-3 

500 

i«  tba  tlM  raquirad  for  tho 
attowiatioa  to  doeroooo  by  a 
factor  of  ti*a. 

calc  froM  6c  for  sMplaa 
99. 9X  pura,  daforoil  a^t 

^10  "  • 

A  ■  10“  ,  dn/em*. 

Do  •  lO'^caVaaCt  |nd 
U  ■  la.v<«  l.izlO'^Nrf. 
oaluaa  vara  aaauaMKl. 

SBith  •  Yaloaa  liatad  la  Eaf. *2, 
obtalaad  by  curva  fltcld 
froa  Daltb'a  data*  taltan 
at  KC  fraquanciaa  (raao* 
oant  bar  aatbod)  for 
apaclMoa  of  mmm  parity 
aa  calculatad  abova. 


Ditcpaaioli  dm  uoLGaaomi 

la  coppar  tba  oaly  racoaary  aaasuraaaota  avallabla  la  ahlcb 
tba  tapparacura  vaa  varlad  ayataoatlcally  ara  froa  a  papar  by 
A.O.M.  fBltb(0)«  taltb  Maaurad  tba  oodulua  aftar  daforaatloo  at  a 
faactloa  of  tlaa  and  taaparatura,  for  apacloaaa  of  two  purltlaa  aad 
two  dlffaroot  dafonaatlaaCf  walat  raaooant  bar  aatbod, 

Tabla  1  abova  tba  valuaa  of  JS  obtalaad  la  tba  Graaato, 
Hibata  and  Lucka  papar  fraai  toltb'a  axparlm  st,  for  tba  99.98  parity 
apactoaaa  daforoad  IX.  Tbaaa  walaaa  vara  plotted  oo  a  Uyfi  va. 
plot  CO  giva  ao  aetlvatloo  aoargy  of  1  a.v.  for  tba  nigratloo  of  tba 
daforawtloo  cauaad  dafact.  Tba  calculatad  iralaaa  ara  la  all  caaaa 
graatar  tbao  tba  liatad  oaaa  by  a  factor  of  approxlaataly  l.S.  j9 
«aa  calculatad  ao  that  tba  tlaw  raqulrad  for  a  aubataotlal  raco^ry 
la  tba  attaowatloo  oay  ba  aatlaaitad  at  varloua  taoparaturaa. 

Too  MOtloF.a  wara  found  In  tba  lltaratura  ubara  tba  racovary 
of  tba  attaouatioD  or  oodulua  uaa  aoan  In  ao  axparlaant  oalng  ultra* 
aoolca;  ooa  la  by  Ting  and  Tniall  and  la  glvao  aa  prlvata  caBBnu)lca> 
Ilona  In  lafaranca  2.  It  la  oantlonad  thara  that  tba  ebaoga  In  tba 
ttltraaonlc  at taouat loo  following  axtraoaly  aoall  plaatlc  dafmroatloo 
baa  a  flnita  alopa  at  t  «  0,  but  tba  autbora  did  not  axpact  that  oaoy 
point  dafacta  warn  producad  during  tbla  aoall  dafomatlon, 

Tba  otbar  oantloo  vsa  In  lafaranca  1,  ubara  Alara  and 
Thoopaon  nota  but  do  not  oaaaura  tba  racouary  of  tba  Toung'a  Madulua 
and  attanuatlon  following  a  IX  paroaoant  dafomatloo. 

PlgCHWlOtlt 
1.  glactroolca 

Tlba  ultraaonlc  pulaa  oothod  la  uaod  la  tbla  asparlnaot 
<Plg.  6).  A  pulaa  nodulatad  1,P.  aignal  la  appllad  to  a  plasoalactrlc 
cryatal  oountad  on  a  taat  aparloan  to  aat  up  aouod  pulaaa  ublcb  ra- 
floct  back  and  forth  Inalda  tba  apacloan.  Tba  «ipll6oda  of  tbaaa 
aouod  pulaaa  la  conuartod  back  Into  alactrlcal  aiMcgy  by  tba  cryatal 
and  appllad  to  tba  lapac  of  an  l.P*  anpllflar  for  ebaanratlan  of  tloa 
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md  «|plicwl«.  Hm  laMTCloa  lo«f  cm  b«  caImhi  vlMallj  «•  cIm  41f* 
/•TMCA  1«  ClM  t««di«§0  st'^lnt  hAi^ta  af  tb«  ^Alagred  asd 

direct  Al^iAla  «•  tliA  C.t.O.  fh0  fml§m  oactllatOT  iiAAd  lMr«  bM  a 
0-600  volt  p«ak  to  poofc  ootpst  mti  ooiroro  .3  to  liO  M*C. 

Tboro  oro  «any  dlffievlcioi  iairolvod  «ltb  MoouroBonto  ot 
cblo  tjrpo.  Tbo  Bojor  ob«o  oroi  noMllnoor  op^llficotioa  ia  rocoliror; 
•ttOBMtloo  abtcb  lo  R.r.  puloo  oaplltudo  ooaoitioo;  and  ovorloodiat 
tbo  roeoivor  bj  X.p.  puloo  oo  that  ito  circtiito  will  sot  rocovor 
duriag  tbo  ooorly  port  of  tbo  ocbo  trola. 

tbo  aoBllaoor  «ovli<i«otlon  of  tbo  rocolvor  io  Oido-otoppod 
bp  Bonitorloc  ono  ocbo  of  tbo  ocbo  troia  coatiauouolp  ia  tlao»  oa  o 
otrlp  chart  rocardor.  Tbio  puloo  io  colibrotod  ia  toiao  of  db*  looooo 
o^ary  aiauto  oo  that  aot  oaly  a  coatlaoouo  roodiaf  ia  availoblo  oa  a 
chart  but  aloo  a  coaiplota  calibratioa.  tbla  puloo  ia  aoaltorod  by 
BOBko  of  a  i^wtaatroa  typo  cireuic,  couaiotiag  of  two  aaa*abot  iwlti- 
wibratora  (o.a.a.v.).  Tho  pulaod  oacillatora  which  tritgor  tbo 
oacilloacopa  alwO  trlggora  tba  firat  o.a.a.w.  which  prowidoa  a  puiao 
which  tboa  COB  triggor  tba  aocood  o.a.a.w.  after  a  tiaa  which  ia 
odjwatabla.  Tbo  aocood  O4  0.a«ir.  prowidoa  a  7  wait  goto  which  caa  bo 
ouparpoood  oa  aay  oaa  of  tbo  ocboaa  of  tbo  ocbo  train*  tbia  aupor- 
peaod  ocbo  la  aov  paaaod  through  tbo  loot  atago,  which  bocoaaa  coo- 
ductiag  Bid  ebargoa  a  capacitor  resiator  aotwork.  Tbo  avoraga  ebargo 
ia  than  diaplayod  oa  a  atrip  chart  rocordor. 

Attaauatloo  ohich  ia  g.P.  pulac  aaplitado  aoaaltivo  ia  not 
really  undaratood;  but  in  order  to  arvoid  tbooo  offaeta*  tbo  axpori- 
Boat  ia  cooduetod  WL  tb  a  t.F*  input  to  trBioducor  which  giwoa  an 
unchanging  attaouatlon  of  tba  ocbo  train  while  tba  onargy  fed  into 
tbo  trBiaducor  ia  wariod  by  4  10  db, 

Tbo  rocoiwor  ewar loading  baa  boon  ollaULnatod  by  nao  of  a 
balancing  notwork  In  tho  fora  of  a  ccaplox  iapodBico  Hboatatono 
Bridge.  Tbo  tranadttcor  ia  part  of  ooo  of  tbo  araa  of  tbo  bridgo. 

Tbo  object  ia  to  balBico  tba  bridgo  with  roapoct  to  tbo  i.F,  pulooa 
coning  froa  tbo  pulaod  oacillator.  Tbia  puloo  bowerer  onorgiaoa  a 
tfanaducar  Bid  tbo  traaoducar  output  ia  fad  froa  tba  bridgo  to  tba 
proBvlifior  Bid  aapllfiar'^\ 

2.  gcBPlo  Froparatioa 

Copper  alnglo  cryatala  of  approxiaately  with  tbo 

aoraal  to  a  2*'x^"  aldo  coinciding  within  2  with  tbo  (111)  or  (100) 
axaa  and  having  tbo  facoa  in  tboaa  plaaoa  parallal  and  flat  to 
.0001  inch/ inch  are  praparod  froa  cyliadrically  abapod  copper  ainglo 
cryatala  long  wad  3/6"  in  dilator.  Tbo  aoparato  oporationa 
iawolwod  la  tba  SB^pla  preparation  are:  a.  aounting  apociaoa  in  a 
fraaa  which  would  hold  it  on  the  gcnicBotor;  b.  adjuating  gooioaotor 
oo  aa  to  iMlntaia  ita  olignBoat  with  roopoct  to  x-rgp  aoebino  and 
Billing  Boebiao;  c,  x-raying;  d,  flycuttiag;  a,  oloctr^ollobing; 
f.  otebing;  and  g.  lapping, 

Tim  typical  aoquoaco  for  opociBon  preparation  will  bo  given 

boro: 

1.  Mount  apaciaon  ia  frBN  uaing  a  litharge  and  glycerine 
aixtura  which  bardona  after  anno  tiaa. 

2.  feraw  frBM  on  to  goniOBOtor»  having  apaciaon  vortical. 
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3.  T«k«  m  k-r^jr  plctur*  of  otfipLo  fox  ortontocloo 
4otoraiBotloii. 

o.  rloco  sonioMtor  wlch  oaoplo  la  placo  oa  allllot  aaehloo. 

5.  Adjust  goalo— tar  ao  that  datirad  aajor  axia  polats  aioa# 
axis  of  flycuttar. 

A.  Cut  a  puall  flat  oa  a«pla. 

7*  Taha  tha  aiasla  crystal  out  of  frasM  sad  rast  It  vith 
•Ball  flat  oa  a  flat  aurfaca  sad  put  fr«M  oa  tha  aurfaost  thaa 
pour  la  tha  lltharta  aad  flycariaa  alxtura. 

8.  laaojQt  frapa  oa  soaioaotat*  apaia  kaapiag  apaclaaa 

oartical* 

9.  Cut  tha  cryatal  alch  fljrcuttar,  uatll  daatrad  diaaaaioa 
of  faca  la  raachad. 

10.  Taha  aaothar  x*ray  plctura  to  chock  arlaatatiaa* 

11.  Cut  tha  othar  thraa  aldaa,  by  raaeuatlag  cxyatal. 

12.  ktch  cryatal  with  a  50X  altrlc  add  aalatlea  to  raaooa 
cold  work. 

IS.  Lap  aaeh  apaclaaa  oa  proand,  coat  Icaa  plata  to  aehiaua 
parallallsa  of  facaa  of  .0001  lach/lach. 

Aa  appraclahla  aaouat  of  a^arlal  aas  raaooad  by  aloctra- 
pollablag  la  a  lOX  phoaphorlc  add  aolutloa.  fha  fa'^aa  uara  aada  of 
coppar  %"  ahiok  aad  uara  traaad  par alia! . 

A.  Machiaiaa  of  Crystal 

Thu  ccyatal  uaa  aarblaad  by  aaaaa  af  a  flycattar,  Tha  aasaaka 
af  aatarlal  raaooad  oarlad  tbroa  .002  laahaa  ad  tha  baglaalap  to 
,0005  laehaa/euc  aaar  tha  flaal  aurfooa.  ta  ardor  to  dacraaaa  tha 
aaouat  of  diapa  doaa  by  tha  cottar*  tho  faad  aaod  uaa  uary  aiau  aad 
tha  cottar  apaad.hipk,  aad  a  laod*A2jwariaa  labricaat  uaa  aaod.  lha 
cattac  uaa  ala«  ahorpaaod  aauaral  Haas  Car  aaa  Coco,  lha  aaaoat  af 
cold  uorkod  aurfaca  that  had  to  ho  raaauad  by  otahlag  uaa  batuaaa 
,005  ta  .01  lachaa. 

Hat  lapplag  takaa  place  aa  a  aurfaca  gawid  coat  Iroa  plata. 
Cloaor  lappiag  aad  grladlog  cflupouaf  Aa  uaa  aaod,  it  has  25^  parti- 
cla  aiaa.  yiaal  lappiag  uaa  dona  ulth  3  k  partlcla  also  dluaond 
pasta  aa  a  ploca  of  aauapapar.  Tha  lobrteaat  uaa  carhoa  tatrachlorlda 
Tha  aauapapar  gluaa  tha  aaapla  a  alca  acratch-fraa  flaiah.  Lapping 
aad  atchiag  uaa  docM  lataxalttaatly. 

C.  Parallallau 

Tha  aaapla  la  placed  oa  a  aurfaca  plata  uhlch  la  flat  to 
•00004  lachaa  auar  1%  x  1%  feat  aad  c hacked  by  aaaaa  of  a  dial  lodl- 
cater  ulth  .0001  Inch  par  dlrlaloa.  Parallallau  uaa  laducad  by 
praaalag  lively  an  hiih  polnta  during  lapping. 

B.  A-Kylng 

gtandard  a-ray  asthods  lavolTlng  tha  Vulff  aat  and  tha 
Oraalagar  chart  uara  used  to  dataralna  cryatallographlc  erlontatloa. 

Tha  OOTplas  are  uithla  2  af  daalrad  orlaatatlaa.  Back  raflactlon 
Laua  pbdographa  uara  alao  takaa  of  apoclaan  after  praparatloa  md 
aBaaallag  to  dataralna  that  alagla  cryatal  atmetora  uaa  aalatalnad. 

B.  Tanaloa  gyataa 

The  taaaloa  ayataa  has  to  aoat  tha  folloulng 
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T«^|ttlr«Mats t  a.  Taaalor.  auat  ba  parforaad  la  taaparaturn  baths;  sod 
b.  tha  oalf  aaasa  «£  daSar&atlee  ehsyld  ba  a  unlfam  aalal  strass* 
(Fig. 7)  To  aaold  my  uadiia  daforaatloa  daa  to  cLaig  typo  grips 
ganaraily  usad  tha  grlpt  vara  gluad  to  tha  coppar  by  aasns  of  hl^ 
taaporatvra  curad  apoay.  Tha  grips  ara  thaa  liakad  to  tha  tansloo 
systsa  by  Msns  of  a  doval  and  uaivarsal  oa  oaa  slda  and  a  donal 
and  ball  and  sochat  typa  joint  on  tha  othar.  This  is  nasnt  to  avoid 
any  banding  mA  any  tvist  on  apaclnan.  This  ayatan  was  tastad  at 
rooai  tanparatwra  and  lass  than  4X  banding  «as  saan  by  naans  of  strain 
gagas  attachad  to  tha  sldas  of  a  dusny  spacinan. 

r*  gacording  gystan 

Tha  attanuation  racord lag  vas  dona  by  naans  of  an  oscilLoo 
racord  cmnm»  Picturas  can  ba  tshan  at  a  niarlnwa  rata  of  3  a  sacond. 
Tha  filn  is  than  read  on  an  oasillograph  ntalysar  and  taadar*  A 
pttlsa  nhich  stay  ba  3ca.  hl^  on  C*g.O.  scraan  baconaa  ovar  6  inchas 
high  on  tha  oscillograph  analysrr  and  raadar.  halatlva  halghts  can 
ba  raad  on  it  as  accurataly  as  tha  attanuation  calibration  on  tha 
scopa.  Tha  major  racording  ayatan  is  non  that  dascribad  uodar  i  .a 
alactronlc  saction. 


Dtschimow  or  gXPglllUTAL  Fgocil^; 

Tha  tranaducar  is  sMuntad  on  (100)  faca  of  tha  apaclnan  with 
a  Monaq  vacuwi  bond.  Tha  apaclnan  and  trmsducar  ara  than  nountad 
inslda  a  natar- tight  natal  containar  nhlch  is  placad  in  a  tanparatura 
controllad  oil  bath.  This  nhola  davlca  is  built  so  that  tha  apaclnan 
(rig.  7)  CA  ba  atrasaad  in  tMslao  in  m  matron  tanalla  nachina. 

Tha  apaclnan  is  than  atrasaad  to  about  .Al  atrain  snd  tha  strass 
ralaa^  guickly.  Tha  chmga  in  ulttaaonic  attanuation  of  a  givan 
acho  is  than  nooitorad  continuously  at  tha  asaw  tanparatura  at  nhich 
tha  apaclnan  vas  atrasaad. 
gggqLTg  gw)  piscTOSiow! 

Tha  nor^lisad  attanuation  ^ 

hara  jadis  tha  tins  at  nhich  strass  is  rsnovad  fren  tha  opaclnan. 

If  ona  asaunas  that  tha  attanuation  dua  to  dislocation  aftar 
conplata  pinning  tskaa  placa  la  ns^lgibla  than  ona  c«  ah^  that 


L<^  ~  a  -  /y 


A  plot  than  of  ( 


a 

)  vs.  d  will  hava  a  alapa  9i  JO  » 
rrcn  Equation  7  it  cm  ba  aaan  that  a  plot  of  log^  ua.  vili  ylald 
a  slops  aqual  to  .  A^Uuhara  is  tha  activation  anargy  of  nlgration 
of  tha  dafact  uhich  csnaaa  tha  pinning  of  dialocatiena. 

Tvo  runs  ssra  rapoartad  hara.  Tha  racavaiy  nsaoarasMnt  at 
90  C*»  rig.  It  was  racardad  by  as  as  of  filn*  .Puling  this  ruut  a 
cAtinuoua  calibratiA  was  not  nadst  sad  tha  AattA  wm  oonaidarahla* 
It  is,  tharaforst  difficult  to  Asiga  a  apAiflc  TS^*  dll  wa 
CA  asp  is  that  could  ba  in  tha  rAgo  of  *02  ain”^^  to  .Ohnin*^^ 
(Fig.  2).  Fta  T^la  1»  ona  ca  oa  that  at  OO'^:.  (3S3%.)  tha  caU 
culatad  Vj^ua  ct  Jo  undA  tha  Aaunptiona  At  forth  thara,  la 
.027  ain*^^«  gA  2  at  95*C  uns  nada  with  difforadit  racording  aqnip* 
nAt.  Thara  a  atrip  chart  rAordar  wa  Aod.  and  it  wa  AntisMMwaly 
ealihratad.  ncm  Fig.  3*  ana  sas  that  tha  oomallsad  atranaatl a  of|^ 
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ric*  4,  nvMlt 


^  •eothly,  A  plot  to  fiad >3  , 

^  ^  **•  •teoliit  liaoo.  Thio 

*ll**,***/^  roooooty  proeooooo  taklap  ploM.  J 
#?  o  hlolMK  OBtiTOtiOB  MMrav) 

fioot  «d  tbo  ^^(lopijrlag  *  octlootloo  ooori^^ 
ft  ooold  ootB  tkot  m  iotorprototioo  of  tho  too  ' 

f?I JT®  *  01«  i  wl  f li  4)  00  Uo  rocovory  poroMtor 

SIrt  iriJiT****  ’  -  n-iMti*  •(  tk.  .1^ 

.  ^  oorriNhilo  oboorvotloo  cm  bo  oodo  froo  Pio.  3. 

Jfir^***v**"**“*  •*  ■lw»t»o  oftor  dMTOOOiap 
pwmoooly.  This  iodiootoo  thot  oootbor  procooo  tokoo  ploco  «ki?^.ch 

SilJ*?**  ^  •*■*•••  l««»  ><Bttk  L»t  th*  dlitaeattoaia  th* 

•tt-wrtt..  oa  k.  uml  !■  k*tut 
tooo  oMi  tooth  Of  tho  laoroooo  iooolood. 

smmm^ 

tho  choopo  lo  tho  ottooootloo  of  m  oltroooole  oo«o  la  m 
ot^ood  oloflo  ccyotol  dooo  oot  t«ho  ploco  tMothly.  ih<o  oork 

procooo  io  iaoolood,  ood  thot 
***  cloorly  ooooorod  proeooo  hoc  m  ootlootioo  ooercp  of  1.3oo. 
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LABORATORY  INVESTIGATION  OF  THE 
HOBILITY  OP  PNEUMATIC  TIRES  IN 
COKES XONLESS  SOIL 


D.  R.  FREITAG.  and  C.  J.  POWELL 
U.  S.  ARMY  ENGINEER 
waterways  EXPERIMENT  STATION 
VICKSBURG.  MISSISSIPPI 


1.  In  an  aga  when  euperaonlc  flights  are  coononplace.  and 
man's  first  explorations  into  space  are  receiving  much  attention  in 
the  headlines,  it  is  difficult  to  accept  the  fact  that  ground  vehicles 
still  cannot  strike  out  cross-country  toward  an  objective  with  any 
assurance  of  being  able  to  reach  it.  The  vehicle  owy  bog  down  be¬ 
cause  of  insufficient  bearing  capacity  of  the  soil;  it  may  spin  its 
wheels  because  of  loss  of  traction;  or  it  may  be  unable  to  pass  over 
or  around  a  wide  variety  of  surface  obstacles  because  of  lisiitations 
imposed  by  its  own  geosietry.  Solutions  for  each  component  of  the 
total  ground  mobility  problem  are  being  sought  by  various  Departaient 
of  Defense  agencies.  The  study  discussed  in  this  paper  is  designed 
to  shed  light  on  just  one  area  of  the  problem.  Specilically.  it  is 
part  of  an  investlgetional  program  intended  to  discover  laws  that 
govern  the  interaction  between  pneumatic  tires  and  certain  represen¬ 
tative  homogeneous  soils. 


BACKGROUND 

2,  In  1959,  the  Chief  of  Research  and  Development.  Depart¬ 
ment  of  the  Amiy.  (now  Army  Materiel  CosaMnd)  directed  the  Army 
Mobility  Research  Center.*  Soils  Division.  U.  S.  Army  Engineer  Water¬ 
ways  E)q>criment  Station,  through  the  Chief  of  Engineers,  to  undertake 
e  study  of  selected  pneumatic  tires  operating  on  homogeneous  soils. 
The  study,  entitled  "Performance  of  Soils  Under  Tire  Loads."  was  be¬ 
gun  in  June  1960.  The  work  has  been  guided  by  a  plan  of  tests  agreed 
upon  by  representatives  of  the  then-existing  technical  services--Ord- 
nancc.  Transportation,  and  Engineers.  Briefly,  it  provided  for  test¬ 
ing  a  range  of  tire  sizes,  under  various  conditions  of  load  and  in¬ 
flation  pressure,  on  three  representative  types  of  soil.  All  testing 
was  to  be  accomplished  with  trcadless  tires  so  that  geometry  effects 
could  be  evaluated  independently  of  tread  effects.  The  study  of  tire 

*  Now  the  Araqr  Mobility  Rassarch  Branch,  Mobility  and  Environmental 
Division. 
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trMdt  «nd  of  track  configuration*  wa*  Co  ba  d*f*rr«d  until  a  later 
data. 


PURPOSE  OF  STUDY 

3.  The  purpose  of  the  portion  of  the  study  described  in 
this  paper  was  to  define  the  relations  that  exist  between  the  phys¬ 
ical  properties  of  a  typical  dry  desert  sand,  the  geometric  charac¬ 
teristics  of  pneumatic  tirss  of  various  sices  and  shapes,  and  the 
perfonssnce  of  these  tires  under  various  loads, 

DEFINITIONS 

4,  The  following  tersm  and  symbol*  used  in  this  paper  are 
defined  here  as  briefly  as  Is  possible  without  risk  of  misunderstand¬ 
ing. 


Carcass  dlasister  (d)  Outride  diamster  of  tire,  exclu- 

slvt!  of  tread,  with  a  spr'xlfled 
inflation  pressure  but  with  no 
load  applied. 


Section  width  (b)  Outside  width  of  the  cross  sec¬ 

tion  of  Che  tire  with  a  specified 
inflation  pressure  but  no  load 
applied. 

Deflection  (6)  Change  in  height  of  the  cross 

section  of  the  tire,  steasured 
from  the  rim  to  the  supporting 
surface,  when  the  load  is  ap¬ 
plied. 


Measured  hard- surface 
rolling  circumference 


Forward  advance  per  revolution 
of  the  loaded  tire  when  towed  on 
a  flat,  level,  unyielding  sur¬ 
face. 


Cone  index  (Cl)  An  Index  of  soil  strength.  It  is 

the  unit  load  required  to  main¬ 
tain  movement  of  a  cone-shaped 
probe  into  a  soil.  It  has  the 
dimensions  pounds  per  square 
inch,  and  is  usually  given  as  an 
average  value  for  a  specified 
layer  of  soil  several  inches 
thick. 


Torque  (M) 


Torque  input  at  the  axle. 
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The  conponent,  acting  parallel 
Co  the  direction  of  travel,  of 
the  resultant  of  all  soli  forces 
acting  on  tlir  witeel.  It  is  con¬ 
sidered  positive  when  the  wliecl 
is  performing  useful  work  and 
negative  when  tne  cooponent  rep¬ 
resents  the  force  chat  must  be 
applied  to  maintain  motion. 

Maxinum  net  horisontal  force 
developed  by  the  powered  wheel. 

It  is  usually  in  a  positive  force. 

Horitontal  force  required  to  tow 
the  wheel  when  no  torque  is  ap¬ 
plied.  It  is  always  a  negative 
force. 

Vertical  force  applied  to  the 
wheel . 

Maxlnum  depth  to  which  the  wheel 
penetrates  into  the  soil  relative 
to  the  original  soil  surface. 

Lost  motion  computed  as  follows: 
theoretical  wheel  advance  (based 
on  measured  herd-surface  rolling 
circumference)  minus  actual  wheel 
advance  all  divided  by  theoreti¬ 
cal  wheel  advance,  usually  ex¬ 
pressed  as  a  percentage. 

TEST  CARRIAGE 

5.  The  primary  research  instrument  used  in  determining  the 
performance  of  soils  under  tire  loads  Is  the  test  carriage  built  es¬ 
pecially  for  testing  with  an  assortment  of  pneumatic  tires.  The  test 
carriage  is  supported  by  solid  rubber-tired  rollers  on  a  pair  of  accu¬ 
rately  aligned  and  graded  overhead  rails  that  are,  in  turn,  suspended 
from  cantilever  columns  and  cross-arms.  The  carriage  is  towed  by  an 
endless  steel  cable  chat  is  fastened  fore  and  aft  to  the  carriage, 
passes  up  over  pulleys  at  the  ends  of  the  track  system,  and  is  driven 
by  sheaves  mounted  on  a  platform  above  the  overhead  rails.  Fig.  1 
shows  a  section  of  the  test  lane  with  soil  cars  in  place  and  the  car¬ 
riage  positioned  directly  under  the  Cowing-cable  drive  mechanism. 

The  speed  of  the  towing  cable  can  be  varied  continuously  from  aero  to 
about  30  ft  per  sec,  and  the  cable  and  pulleys  can  be  shifted  trans¬ 
versely  across  the  width  of  the  soil  cars,  along  with  the  test  car¬ 
riage,  so  that  the  traffic  lane  can  be  established  at  any  transverse 


Pull  m 

Maximum  Pull  (P  ) 

—  -  -  -  w 

Tolled  force  (P^) 

Load  (tf) 

Sinkage  (a) 
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position  In  the  cars. 

6.  The  test  wheel  Is  counted  In  the  lower  frame  assendjly, 
which  consists  of  an  Inner  and  an  outer  frame.  The  entire  assembly 
Is  fastened  to  the  upper  frame  by  columns  and  roller  assemblies  so 
that  free  vertical  movemen*:  of  tho  wheel  is  possible.  Both  the  wheel 
and  the  transmission  are  suspended  from  the  Inner  frame.  The  Inner 
frame  Is  fastened  to  the  outer  frame  at  all  four  corners  by  specially 
built  load  cells  that  ore  mounted  vertically  and  also  serve  as  hinges, 
allowing  relative  movement  of  the  two  frames  longitudinally.  These 
four  load  cells  measure  the  vertical  load  on  the  wheel  and  are  con¬ 
nected  In  a  bridge  circuit  so  that  torque  effects  will  be  canceled. 

The  relative  longitudinal  movemeni.  Is  opposed  by  a  load  cell  mounted 
horl son tally  between  the  two  frames  so  that  the  reading  from  this 
cell  Is  a  measure  of  the  pull  on  the  test  wheel. 

7.  Load  can  be  applied  to  the  wheel  by  the  addition  of  dead 
weights  or  by  "Bellofram"  pneurvstlc  cylinders  mounted  between  the 
upper  and  lower  frames.  The  Bellofram  asseidbly  consists  of  an  outer 
cylinder  and  loose-fitting  piston  joined  together  and  sealed  against 
air  leakage.  As  the  piston  moves  through  the  length  of  the  cylinder, 
the  Bellofram  or  membrane  turns  Inside  out,  thus  ellndnatlng  wall 
friction  as  experienced  In  an  ordinary  plston-and-cyll.nder  arrange¬ 
ment.  The  travel  of  the  piston  Is  fairly  long,  but  the  rystem  Is 
single  acting  so  that  two  cylinders  are  required,  one  for  upward 
force  and  one  for  downward.  The  test  carriage  utilizes  a  pair  of 
cylinders  at  the  front  and  a  pair  at  the  rear.  The  air-storage  tanks, 
which  are  visible  on  both  sides  of  the  upper  frame  in  fig.  1,  provide 
a  reserve  air  supply  to  coiiq>ensate  for  movement  of  the  loading  cylin¬ 
ders  caused  by  increasing  slnkage  of  the  wheel  as  it  progresses  down 
Ch'?  test  lane. 

INSTRUMEOTATJON 

8.  The  carriage  is  instrumented  to  measure  torque  input 

to  the  v^eel,  vertical  movement  of  the  axle,  dynamic  tire  deflection, 
wheel  revolutions,  and  carriage  position,,  in  addition  to  the  horizon¬ 
tal  and  vertical  .forces.  Provision  also  is  made  for  recording  the 
profile  of  the  soil  surface  before  traffic  is  applied.  Torque  input 
for  most  of  the  tests  Is  provided  through  a  loechanical  transmission 
mounted  on  the  axle  of  the  wh^el  and  a  hydraulic  motor.  A  trans¬ 
mission  driven  directly  by  an  electric  motor  has  also  been  used,  and 
for  special  applications  a  chain-driven  auxiliary  reduction  gear  can 
be  mounted.  The  transmission  is  restrained  from  rotating  about  the 
axle  by  a  lever  arm  of  known  length  attached  to  a  load  cell  tltat  is 
anchored  to  the  inner  frame;  consequently,  the  load  cell  output  signal 
can  be  calibrated  to  Indicate  the  reactive  torque  directly.  Axle 
movement  Is  measured  by  circular  potentiometers  mounted  on  the  outer 
frame  and  geared  to  rack  gears  mounted  on  supports  from  the  upper 
carriage.  There  is  an  assembly  for  this  puirpose  at  both  the  front 
and  rear  of  the  lower  carriage.  Tire  deflection  Is  measured  by  t\w 
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ll.n@Ar  potentlowcers  that  are  mounted  through  the  rira  and  are  spaced 
ISO  dagraaa  apart  radially  around  the  uheel.  The  signals  are  trana* 
Bitted  through  a  slip  ring  mounted  on  the  axle.  Wheel  revolutions 
are  recorded  by  a  stationary  photoelectric  cell  and  a  perforated 
circular  disc  that  rotates  with  the  axle,  and  carriage  position  la 
'  indicated  by  a  photoelectric  cell  on  the  upper  .Crane,  which  is  actu¬ 

ated  by  tabs  spaced  1  ft  apart  on  the  overhead  rails. 

‘  9.  The  operation  of  the  test  carriage  during  a  test  run  Is 

controlled  by  a  specially  constructed  prograner.  This  unit  causes 
,  the  forward  speed  of  the  carriage  to  confom  to  a  preselected  value 

or  to  vary  tlirough  a  predetermined  pattern^  Another  unit  has  been 
constructed  to  sense  the  ectual  speeds  of  the  carriage  and  the  wheel 
and  to  convert  these  values  Into  the  slip  ratio. 

TIRES 

10.  A  variety  of  tire  sisea  has  been  used  in  this  study,  as 
shown  In  the  following  list.  The  sizes  were  chosen  to  cover  a  range 
of  diameters,  widths,  ply  ratings,  and  types  of  construction.  Some 
of  ths  tires  ’.'ere  supplied  without  tread,  and  the  rest  were  buffed 
smooth  after  delivery.  All  were  operated  tubeless  with  the  exception 
of  the  1,75-26  bicycle  tire  and  the  6.00-16  solid  rubber  tire.  The 
deflection  values  used  throughout  this  paper  were  measured  on  a  level, 
unyielding  surface  unless  otherwise  specified, 

TIRES  USED  IN  PU0GRAI»1 
1.75-26,  bicycle  tire,  buffed  smooth 

4.00-18,  2-PR*  buffed  smooth  (originally  motorcycle  tire  tread) 

4.50-13,  4-PR,  buffed  smooch  (originally  motorcycle  tire  tread) 

6.00-16,  2-PIl,  buffed  smooth  (originally  highway  tread) 

6.00-16,  radial  ply,  buffed  smooth  (originally  directional  bar  tread) 

6.00-16,  solid  rubber  tire,  buffed  smooth  (originally  nondirectlonal 
bar  tread) 

9. 00-14,  2  PR,  supplied  without  tread 
9,00-14,  4-PR,  buffed  smooth  (originally  highway  tread) 

9.00-14,  8-PR,  supplied  v/lthout  tread 

5.00-12,  2-FR,  buffed  smooth  (originally  directional  bar  tread) 


*  PR  Indicates  die  ply  ratlrig  specified  by  the  menufacturer. 
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4.50->?,  2=FRt  buffad  sawobh 

4. SO* 18,  4- PR,  buffed  enooth,  mounted  in  dual  configuration 
16-1S>6R,  2*PR  Terra  tire,  aupplled  without  tread 

TEST  SOIL 

Soil  propertlee 

11.  The  desert  sand  used  In  these  tests  was  dug  from  the 
top  12  In.  of  sand  dunes  near  Gray's  Wells,  California  (17  miles  west 
of  YusM,  Arlsona),  by  personnel  of  the  Etoglneer  Detachswnt  at  the 
Corps  of  Engineers  Yuma  Test  Branch  and  was  sent  to  the  waterways 
Experiment  Station.  The  sand  classified  as  SP-SM  under  the  Unified 
Soil  Classification  System.  Values  of  angle  of  Internal  friction,  as 
detendned  by  direct  shear  tests,  averaged  about  36  degrees.  Specif¬ 
ic  gravity  was  determined  to  be  2.66.  Average  maxinue  dry  density 
determined  In  the  laboratory  to  be  about  104  lb  per  cu  ft,  and 
■Inlsum  density  was  about  87  lb  per  cu  ft. 


I^reoaratlon  of  test  section 

12.  All  the  tests  were  performed  with  alr-drled  sand  In 
which  the  actual  moisture  content  was  usually  about  O.S  percent  of 
dry  weight.  Different  degrees  of  soil  strength  were  achieved  by  vary¬ 
ing  the  density  of  the  sand.  Depending  upon  strength  conditions  de¬ 
sired,  the  sand  was  placed  In  the  cars  either  In  uniform  layers,  the 
last  of  which  was  screeded  and  surface-vibrated,  or  In  Individual 
layers  which  were  screeded  and  vibrated  as  the  filling  progressed. 
Uniform  deposition  of  each  layer  was  achieved  by  placing  a  large 
l/4-ln.-e>esh  screen  on  the  tops  of  the  cars  and  depositing  the  sand 
uniformly  over  the  area  of  the  screen  with  a  tractor-mounted  shovel. 
Compaction  was  accosgfllshed  by  an  electric  vibrator  ssunted  on  a  steel 
baseplate  that  was  long  enough  to  span  tlie  width  of  the  soil  car.  It 
was  propelled  back  and  forth  over  the  length  of  the  car  at  a  constant 
speed  by  an  electrical  towing  unit  built  especially  for  this  purpose. 

Soil  smasurements 

13.  There  Is  a  wide  difference  of  opinion  on  what  consti¬ 
tutes  a  valid  measurement  of  soil  strength  for  use  In  a  study  such  as 
this  one.  To  insure  that  the  performance  data  would  be  useful  to  the 
maximum  number  of  researchers,  soil  strength  data  were  obtained  with  a 
variety  of  Instriasei.ts.  Penetration  tests  were  run  with  circular  flat 
plates  of  at  least  three  different  sires  and  with  the  standard  traf- 
flcablllty  cone  penetrometer.  In-sl'tu  shear  tests  were  made  with  a 
ring  shear  device  and  a  four-bladed  vane-shear  l^>paratus.  Trlaxlal 
and  direct  shear  tests  were  run  In  the  laboratory  on  samples  obtained 
from  the  test  sections. 
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yESrliiG  TKCHWIQUE 

14.  The  soil* tire  parfomance  casts  wars  conducCad  by  uni¬ 
formly  increasing  Che  tire's  slip  throughout  a  pass  down  the  test 
lanes.  Vower  was  applied  to  the  axle  of  the  wheel  and  the  desired 
rotational  speed  of  the  wheel  was  attained  alsost  instantaneously  and 
held  essentially  constant  throughout  Che  pass.  At  the  seas  tfJM, 
power  was  applied  to  the  towing  cable  so  that  the  carriage  was  accel¬ 
erated  tiiirough  the  length  of  two  approach  cars  and  entered  the  actual 
test  cars  traveling  faster  than  the  wheel  was  propelling  itself. 

This  resulted  in  a  skidding  or  negative-slip  condition.  At  this 
point  a  photoelectric  cell  engaged  the  carriage- speed  program  unit, 
and  the  speed  of  the  cowing  cable  was  reduced  linearly  with  time  un¬ 
til  the  carriage  was  brought  to  a  standstill  near  the  end  of  the  test 
cars.  This  produced  slip  that  varied  linearly  with  ciam  and  ranged 
from  soBie  negative  value  at  the  beginning  of  the  test  cars  through  a 
range  that  Included  the  towed  point  and  the  maximum  pull  point  and 
then  on  to  some  large  positive  slip  near  the  end  of  the  cars. 

ANALYSIS 

15.  Three  major  classes  of  independent  variables  are  in¬ 
volved  in  the  passage  of  a  wheel  through  soil.  They  are;  (a)  wheel 
geoswtry,  (b)  load,  and  (c)  soil  strength.  Time  is  not  considered 
in  this  study  because  all  tests  were  run  at,  or  near,  the  same  for¬ 
ward  speed.  The  dependent  variables  that  are  measures  of  the  per¬ 
formance  of  the  tire  include  towed  force,  pull,  torque  input,  sinkage, 
and  slip.  The  independent  variables  constitute  the  "cause"  and  the 
dependent  variables  the  "effect." 

16.  The  simplest  and  most  direct  method  of  studying  the 
relations  between  dependent  and  independent  variables  is  through  the 
medium  of  basic  plots  in  which  a  single  performance  variable  is 
plotted  against  a  single  test  condition,  with  all  other  independent 
variables  held  constant.  The  introduction  of  one  additional  pertinent 
Independent  variable  will  rormslly  produce  a  fasdly  of  curves  separat¬ 
ed  by  that  additional  variable.  In  the  analysis,  the  basic  plots 
were  examined  first  to  establish  clearly  the  trend  of  data  in  response 
to  the  several  variables.  Fig.  2  shows  the  interrelations  between 
the  dependent  variables  slip,  sinkage,  and  pull  at  the  towed  point  as 
these  factors  change  in  response  to  changes  in  the  independent  vari¬ 
able  soil  strength  (here  expressed  in  terms  of  cone  index) .  It 
should  be  noted  that  the 'data  represent  only  one  tire  at  one  percent¬ 
age  of  deflection  and  one  load.  The  sand  strength  range  shown,  from 

a  low  of  about  25  to  a  high  of  about  70  Cl,  represents  closely  the 
total  range  commonly  encountered  in  nature  for  dry  sand. 

17.  In  the  upper  left  plot  of  fig.  2,  it  can  be  seen  that 
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th«  slip  aiqiarlancad  by  ch«  towad  i^a«I  it  alway*  nagatlv*.  On  th* 
xlnMtc  sands  ths  slip  Is  snall^  but  in  soft  sand  the  whssl  slips  or 
skids  ths  aquivalsnt  of  about  a  third  of  a  rsvolutlon  pat  revolution. 
Slip  is  related  both  to  the  sinkage,  s,  and  to  soil  strength.  Large 
sinkage  and  great  slip  occur  in  very  soft  soils.  In  the  lower  right 
plot  the  data  show  the  strong  relation  between  the  force  required  to 
pull  the  wheel  and  the  aaount  of  sinkage  it  experiences.  Finally,  in 
the  upper  right  plot  the  relation  between  pull  at  the  towed  point 
and  slip  is  shown.  This  figure  when  viewed  as  a  whole  shows  the  cosh 
plex  interrelation  of  the  pertinent  variables  as  dependent  upon  soil 
strength  for  a  particular  case. 

18.  Fig.  3  is  a  continuation  of  the  exssiination  of  basic 
data  relations  that  are  included  in  the  test  results.  The  left  plots 
show  the  effect  of  load  and  strength  on  the  performance  of  one  tire 
at  one  deflection.  The  upper  plot  refers  to  the  force  required  to 
tow  the  wheel  while  the  lower  part  refers  to  the  msxinum  pull  the 
wheel  was  able  to  exert.  It  is  of  interest  to  note  chat  Che  Cowed 
force  is  a  large  negative  value  and  the  maximun  pull  is  a  smell  posi¬ 
tive  (soaMtimes  actually  small  negative)  value  in  Che  softest  soil. 

In  the  high  strength  soil  Che  towed  force  is  a  small  negative  value 
while  the  maxiiBum  pull  is  a  relatively  large  positive  value.  The 
curve  families  shown  on  the  right  side  of  fig.  3  reveal  the  effect  of 
tire  deflection  on  performance.  Increased  tire  deflection,  which  for 
a  constant  load  requires  a  decrease  in  inflation  pressure,  causes  the 
towed  force  Co  be  of  a  lesser  absolute  value  and  the  maximum  pull  to 
he  of  a  greater  absolute  value,  other  factors  being  equal.  Figs.  2 
and  3  together  describe  for  one  tire  how  the  variables  load,  strength, 
and  tire  deflection  (a  tire  shape  factor)  Influence  the  dependent 
variables  pull,  slip,  and  sinkage.  To  complete  the  examination  of 
basic  relations  It  would  now  be  desirable  to  view  the  effects  of  dif¬ 
ferences  In  tire  diameter,  width,  construction,  etc.  However,  the 
addition  of  these  relations  to  the  basic  plots  would  make  It  unduly 
complex;  also  space  does  not  permit  this  elaboration. 

19.  The  obvious  alternative  to  plotting  Individual  vari¬ 
ables  against  each  other  is  to  combine  all  of  the  peirtlnent  independ¬ 
ent  variables  Into  a  single  significant  dimensionless  term  (or  numer¬ 
ic)  and  plot  each  of  the  dependent  variables,  expressed  as  dlatenslon- 
less  nuiserlcs,  against  the  Independent  numeric.  The  Ideal  dimension¬ 
less  independent  numeric  oust  contain  all  of  the  significant  vari¬ 
ables  in  Che  proper  proportions  and  cause  the  performance  curves  for 
all  the  tires,  under  all  test  conditions,  to  collapse  into  a  single 
curve  within  the  band  of  experimental  scatter  of  the  data.  Dimen¬ 
sional  analysis  has  proved  to  be  a  useful  tool  in  developing  the  form 
of  the  dimensionless  independent  nusterlc.  It  must  be  recognized, 
however,  that  dimensional  analysis  has  its  limitations  and  usually 
serves  only  as  an  Intermediate  step  in  the  process  of  producing  a 
dimensionless  numeric  in  its  final  form.  Numerical  coefficients,  for 
instance,  cannot  be  determined  by  dimensional  analysis,  but  aaist  be 
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obtalnad  through  experlnantatlon  and  exparience.  Alao,  it  is  oftan 
nacassary  to  patcomi  mthaaaclcal  manipulations  on  tha  taveral  nuaar- 
ics  rasulting  from  a  dimans ionel  analysis  In  order  to  produce  an  opti¬ 
mum  independent  dimensionless  numeric.  Dimensional  analysis,  then.  Is 
a  powerful  aid  in  the  study  of  physical  relations,  but  Is  limited  In 
Itself  to  the  production  of  qualitative  rather  than  quantitative  re¬ 
sults.  Several  numerics  will  emerge  from  the  dimensional  analysis, 
and  it  is  necessary  to  choose  the  dominant  one.  The  numeric  which 
appears  to  be  dominant  In  the  smblllty  field  is  of  the  ger eral  form: 

W 

t£2 


trhere 

H  -  load,  lb 

T  -  soil  Strength,  psl 

jL  •  a.  characteristic  linear  dimension  (such  as  wheel  diameter), 
in. 

20.  Tlie  form  of  the  general  dimensionless  numeric, 
obtained  through  dimensional  analysis,  may  be  modified  extensively  so 
long  as  the  dimensionless  quality  Is  not  destroyed.  Several  varia¬ 
tions  of  the  numeric  have  been  Investigated,  each  utilizing  cone  ^ 
index  for  the  soil  strength  term.  The  linear  dimension  squared  (j£  ) 
has  been  modified  to  bd  (tire  width  times  diameter),  and  6d  (deflect¬ 
ion  times  diameter) .  In  the  former  case,  there  is  no  term  to  describe 
the  deflected  shape  of  the  tire,  and  in  the  latter,  there  is  no  tire- 
width  term.  Since  both  deflection  and  widch  are  known  to  Influence 
results.  It  is  not  likely  that  numerics  tliat  fall  to  include  them 
will  provide  a  basis  for  correlation  of  the  performance  of  all  tire 
sizes  and  test  conditions. 

21.  Several  combinations  of  the  three  linear  factors, 
diameter,  width,  and  deflection,  have  been  tried  without  achelvlng  a 
satisfactory  degree  of  data  collapse  for  all  tire  sizes  and  shapes. 
Some  of  the  difficulty  obviously  was  due  to  the  data  scatter  that  is 
evident  in  figs.  2  and  3,  but  visual  examination  of  the  locations  and 
relative  positions  of  the  data  from  some  of  the  tires  suggested  that 
the  numeric  was  influenced  by  tire  size.  At  this  point  in  the  analy¬ 
sis  adherence  to  the  true  dimensionless  relation  was  relaxed  and  the 
best  coid>lnation  of  the  linear  factors  i^s  sought  by  an  empirical 
analysis.  One  of  the  best  relations  developed  by  this  procedure  Is 
shown  In  fig.  4.  It  will  be  noted  that  the  expression  used  Is  not 
dimensionless.  Each  line  represents  a  visual  average  relation  for  all 
the  data  for  one  tire.  The  final  relation  shows  a  fair  grouping  of 
the  data  and  similar  trends  for  most  of  the  tires,  but  it  obviously 
still  leaves  much  to  be  desired.  This  study  is  continuing, 

341 


miTAC,  and  POWELL 


particularly  along  lints  that  «d.ll  txplaln  tha  apparent  need  to  in> 
cluda  ■'mxtxmr*  llnaar  dlMnalona*  One  theory  hat  been  advanced  that  In 
a  frictional  toll  auch  at  the  dry  tand  utad,  tha  atrength  ttra  uatd 
■utt  Itatlf  ba  acalad  to  dlaentlont  that  ara  conaonant  with  tha  alta 
of  the  tire.  At  chit  point  It  can  ba  atatad  only  that  tha  idea  hat 
proalaa. 

VEHICLE  TESTS 

22.  Thera  la  another  aapect  of  tha  acudy  chat  aatac  be  re- 
aolvad  If  the  data  are  to  be  uaaful  In  a  practical  vay.  It  nuat  be 
ahown  chat  the  reaulte  ol  taata  conducted  with  a  tingle  wheel  auapend- 
ad  In  the  apeclal  teat  rig  with  controlled  input  are  In  aoaie  way  com¬ 
parable  to  the  behavior  of  ai  actual  vehicle.  To  date*  a  few  teata 
of  thla  nature  have  been  run.  A  teat  vehicle  waa  made  from  a  sal¬ 
vaged  commercial  4x4  atatlon  wagon.  The  vehicle  waa  stripped  of  all 
nonesaantlals  to  result  in  tha  mlmlmum  dead  weight  feasible.  Mechanic¬ 
ally,  tha  major  modification  required  waa  the  elimination  of  dlffer- 
ani  il  action  In  both  axles  so  that  all  irtieala  would  rotate  at  the 
■■me  epaad.  However,  the  spring  system  also  waa  blocked  out  to  aiin- 
imtse  any  dynamic  oscillations  or  weight  shifting.  The  vehicle  waa 
tested  with  all  wheels  driving  at  a  constant  slip  rate.  The  amount  of 
force  the  vehicle  exerted  was  measured  for  several  different  levels  of 
soil  atrength  and  tire  deflection,  but  so  far  with  only  one  load. 

For  comparison  data  were  extracted  from  the  results  of 
t*-  ?.  V  /dieel  tests  with  tha  test  carriage  In  the  following  manner. 

It  was  assumed  that  the  first  pass  of  the  single  wheel  in  the  test 
lane  represented  the  passage  of  the  front  wheel  of  the  vehicle  and  the 
second  pass  in  the  same  path  represented  the  passage  of  a  rear  wheel. 
Than  the  p*  values  at  the  appropriate  slip  for  the  first  and  second 
passes  of  oic  single  wheel  ware  added  together  and  multiplied  by  two 
(for  the  two  sets  of  vehicle  idiaals).  This  total  pull  was  then  com¬ 
pared  with  the  results  obtained  with  the  actual  4x4  vehicle  under 
similar  rondltlons. 

24.  It  was  found  that  the  combined  single  wheel  results 
agreed  quite  closely  with  the  vehicle  test  results.  There  was  a  ten- 
cancy  for  tha  combined  single-wheal  pull  to  be  a  little  higher  than 
the  vehicle  pull,  and  It  msy  be  that  this  difference  arose  from  roll¬ 
ing  resistance  losses  of  the  vehicle.  However,  the  agreement  between 
the  two  sets  of  data  was  considered  satisfactory.  Many  more  corre¬ 
lation  tests  of  this  type  will  ba  wde  using  other  coi^inatlons  of 
tires  and  loadings. 


SliflARY 


25.  From  tha  experience  to  date  it  can  be  stated  that  the 
test  equipment,  particularly  the  single-wheel  test  carriage,  has  made 
It  possible  to  condu'st  rapidly  a  large  number  of  soil-tire  tests 
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performance  of  an  actual  4k4  v«hif-i«  readily  to  the 

.K«,  tM.  .  tlr.-.  p.‘“cri:n«  «  if,*  »•» 

«r.„»th.  Mr.  load.  «3  '’«“«••  -*  •»« 

dttion,  the  amount  that  a  tire  ainka  and  eif"  *  teat  con- 

other  teat  variable.,  How.v«  e^J  ^n  i 

word,  it  hae  not  been  poeslbl«*to  correUt!  general  aenae  of  the 

«U  tire  aiaea  and  aliape.  by  meana  of  I  data  for 

■  y  meana  ot  a  sinfile  general  ej^reaslon. 


345 


Figure  2  -  Interrelacions  among  the  dependent  variable!  slip, 
linkage,  and  pull  at  the  towed  point  for  the  4,50-18,  4-FR  tire 
35%  deflection,  910- lb.  load,  Yuaa  sand. 
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Figure  A  -  Slnlca^e  and  maximum  pull  coefficients  versus 
a  numeric  consisting  of  a  suitable  combination  of  pertinent 
independent  variables. 
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ACCURACY  Al^D  INFORMATION 
RATE  STUDIES  ON  TARGET 
CROSS  SECTIONS  UTILIZING  THE 
NIKE  HERCULES  RADARS 


GABRIEL  E.  GALOS 
WHITE  SANDS  MISSILE  RANGE, 
NEW  1-EXICO 


I.  INTRODUCTION 

The  charaxiterlzation  of  the  radar  cross  section  of  target 
missiles  is  essential  in  -che  development  of  anti -ballistic  missile 
defenses  and  also  to  the  enhancement  of  the  penetration  capabilities 
of  the  offensive  ballistic  missiles. 

The  gathering  of  the  radar  cross  section  information  is 
accomplished  by  measurements  on  static  model  ranges  and  by  actual  in¬ 
flight  measurements  utilizing  instrumentation  radeirs  such  as  the  FPS- 
l6.  Since  the  tactical  Nike  Hercules  target  tracking  radar  (TTR)  is  a 
precision  tracking  radar  it  can  be  used  to  gather  radar  cross  section 
data  on  short  range  ballistic  missiles  in  flight.  This  paper  dis¬ 
cusses  the  accuracy  and  data  rates  available  from  the  tactical  Nike 
Hercules  TTR. 

The  Nike  Hercules  TTR  is  a  monopulse  X-Band  tracking  radar. 
The  basic  characteristics  of  the  Nike  Hercules  TTR  are  classified  and 
are  not  given  in  this  report.  They  are  readily  available  to  persons 
having  a  need  to  know. 

The  Nike  system’s  event  recorder  could  be  used  to  gather  the 
data  required  for  a  reuiar  cross  section  measurement  program.  Gener¬ 
ally  it  is  more  convenient  to  add  instrumentation  recorders  in  order 
to  get  higher  resolution  and  higher  data  rates.  The  addition  of  these 
recorders  does  not  interfere  wiun  the  normal  tactical  operation  of  the 
radar. 


A  block  diagram  of  the  elements  of  the  Nike  TTR  and  the 
recording  equipment  is  given  in  Figure  1.  The  recording  can  be 
performed  on  analog  strip  charts,  cathode  ray  tube  (CRT)  oscillographs 
and  digltSLl  magnetic  tape.  All  three  methods  of  recording  were  used 
in  the  study  program  discussed  in  this  report.  Automatic  gain  control 
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(AQC)  volta^  of  tbe  Intoraediato  fregvwncy  (IP)  «qpllfier  vm 
recor^d  on  th$  strip  the  Ci^  oscillograph  and  the  digital 

naffietlc  tape.  The  pulse  output  of  the  logaritbnlc  IP  anpllfler  was 
recorded  on  the  CRT  oscillograph  and  the  digital  nagnetic  tape.  The 
video  pulse  output  of  the  autoQatlc  gain  controlled  IF  asipllfler  was 
recorded  on  the  CRT  oacHlogn^.  TTils  video  pulse  is  a  aeasure  of 
the  error  signeil  of  the  AGC  servo*  Target  position  was  recorded  on 
digital  tva> 


The  data  rates  of  the  digital  nsgnetic  tape  and  the  CRT 
recordings  were  300  per  second.  This  is  the  pulse  repetition  rate  of 
the  Kike  Hercules  TTR.  The  analog  recorders  had  a  noodnal  freqjuency 
response  in  excese  of  100  cycles. 

The  study  discussed  in  this  paper  was  performed  at  WSMR  on 
tactical  systems.  Targets  discussed  in  this  paper  are  the  6-lnch 
aphere,  a  sheet  of  tin  foil  and  an  Areas  meteorological  rocket. 

Actual  data  recorded  on  targets  of  the  short  range  tactical  ballistic 
sdsslle  category  are  not  Included  In  this  report  due  to  the  hlddier 
aecurlty  claseiflcatlon  of  this  data.  The  results  of  the  accuracy 
and  Information  rates  study  presented  In  this  report  apply  directly  to 
all  cross  section  measurement  programs  utilising  the  tactical  Hike 
Hercules  TTR, 

'  11.  THBORBTICAL  ACCURACY  OP  CROSS  SBCTIOS  MEASURBMEMTS 


The  basic  equation  used  to  solve  for  radar  cross  section  is 
the  radar  range  equation  given  belov: 


R^  (S/N)  a  (N.F.)  BPL 


Eq  1 


Where ; 


^  ~  Radar  cross  section  in  square  meters 

R  ■  Range  in  meters 

S/N  -  SlQial  to  noise  ratio 

h  *  Boltsmsn's  constant 

T  >  Absolute  teq>erature  of  receiver 

H.F.  =  Roles  figure  of  receiver 

B  •  Bandwidth  of  receiver 

F  •  Propagation  losses 

L  ■  System  losses 

Pt  ■  Peak  trenemltted  power  in  watts 

O  •  Antenna  gain 

A  *  Transmitted  wavelength 


The  accuracy  with  which  ^  can  be  detezvlned  is  dependent  on  the 
accuracy  of  measurement  of  each  of  the  variables  in  the  range 
eqjuatlon  and  the  degrees  to  which  they  are  invariant  during  the  time 
interval  over  which  the  measurements  are  made.  Most  of  the  variehles 
Involved  are  detemlnistlc  in  the  sense  that  they  can  be  measured 
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with  Buffltiimt  iiGcuz«Qy  and  i^t  tbsy  er«  basically  invarlast  ovsf 
the  time  Involved  In  any  given  test.  There  sre«  however^  scoe  of  the 
vsrlablee  viiilch  are  stochastic  in  r.ature  siich  as  S/N  and  F.  It  is 
therefore  desirable  to  calibrate  the  radar  in  terns  of  a  knovn  cross 
section  (e.g.  a  6-lnch  sphexe)  rather  than  resolve  the  individual 
system  parameters.  The  method  iised  in  this  study  vas  to  calibrate 
all  the  variables  in  the  radar  range  equation  which  are  not  range 
dependent.  If  these  quantities  are  grouped  together  and  called  K  we 
get  f 

»  KR^  (S/n)  F  Eq  2 


The  value  of  K  can  oe  obtained  by  a  sphere  track. 
Equation  3« 


K 


S _ 

S/Ns 


K  is  given  in 


Eq  3 


Where  the 
Ing  the  value  of  K 


subscripts  S  are  referenced  to  the  sphere, 
in  Equation  2  we  get: 


toaert- 


£q  k 


Where  the  subscripts  T  and  S  refer  to  the  target  ond  sphere 
respectively.  The  validity  of  Equation  4  is  dependent  on  the  quanti¬ 
ties  Gx,  KZ  (N.F.)  B  and  L  not  changing  between  the  time 

that  the  sphere  track  was  run  and  the  time  the  target  waj  tracked. 
Equation  4  can  be  written  in  logarithmic  form  to  siaiplify  error 
analysis.  Equation  4  becomes: 

Log  ^  ^  -  4  log  Rj  -  4  log  Rs  +  log  S/»j  -  log  S/Ng 

+  log  Ft  -  log  Pg  +  log  ®q  5 

In  terms  of  decibels  (db)  Equation  ^  becomes: 

^T  •  401ogRT-^logRS  +  S/Ht  (db)  -  S/Ns(db) 

+  *’T  (db)  "  *’S(db)  +  (dbsm)  Eq  6 

The  symbol  dhsm  references  the  cross  section  to  1  square  meter.  It 
follows  from  differential  calculus  that  the  maxi  mum  db  error  in  T 
is  the  sum  of  the  maximum  db  errors  in  all  the  panuseters  listed. 
Assuming  the  errors  to  be  randomly  distributed  and  Independent,  then 
the  mean  and  variance  of  ^  i  le  the  aum  of  the  meaxiB  and  varianceiS 
of  the  individual  variables.  Since  some  of  the  errors  are  range 
dependent  the  moat  sipilficant  reault  will  be  that  obtained  by 


i 


h 


351 


OAJU)S 


•waning  ths  ccstributicuo  ftt  each  raage  iacreasnt.  Flota  of  the 
standard  deviation  (S)  of  errors  (In  db)  for  all  variables  and  the 
resulting  total  error  are  given  as  functions  of  range  in  Figure  2, 

Values  for  the  standard  deviation  of  the  variables  listed  in 
Figure  2  were  obtained  froa  consideration  of  the  following  error 
sources: 

1)  Errors  in  ^  essentially  determined  by  the 

N*H.  TTR  range  accuracy.  This  is  essentially  independent  of  range  as 
long  as  the  S/N  >  1^  db.  nS:en  the  variance  (error)  Increckses  until 
the  radar  breaks  track  (generally  in  angle  first).  In  this  sense 
range  errors  are  dependent  on  both  range  and  target  size. 

2)  Errors  In  target  S/N  are  essentially  reading  errors.  By 
calibrating  the  S/N|p  recording  in  ^  db  Increments  the  standard  devla* 
tlon  in  reading  strip  charts  (analog  records  and  CRT  recordings)  has 
been  rjhown  to  be  of  the  order  cf  1.0  db  with  S/N  >  10  db.  This 
reading  error  increases  with  range  due  to  the  decreased  S/N.  For 
digital  recordings  this  error  is  sonewbat  smaller  especially  in  the 
region  where  S/N  >  10  db.  This  reading  error  must  not  be  confused 
with  the  actual  variations  in  S/N  due  to  changes  in  target  cross 
section.  This  factor  will  be  discussed  later. 

3)  Errors  in  sphere  track  S/N  are  also  reading  errors. 
Several  factors  result  in  a  lowSr  overall  error  contribution.  First, 
the  sphere  track  is  smoother  and  this  results  in  a  lower  variance  in 
readings.  Secondly,  the  target  cross  section  is  assumed  constant  and 
hence  an  average  of  S/N  readings  over  a  one  second  interval  (or 
longer)  can  be  used. 

4)  Of  all  the  error  contributions  those  due  to  propagation 
(f)  are  probably  the  most  difficult  to  establish.  Propagation  efftets 
are  dependent  on  atmospheric  conditions.  In  the  basic  calculation  of 
cross  section  a  correction  is  made  for  attenuation  by  the  dry  atmos¬ 
phere.  The  errors  introduced  by  moisture  can  be  quite  large,  e.g., 

2  db  per  100  IQxi  for  light  rain.  In  general,  the  nnisture  content  of 
the  air  is  low  at  WSMR  and  target  cross  section  measurements  are  made 
on  clear  dry  days.  For  this  reason  an  estimate  of  error  is  given  as 
0.5  db  +  0.5  db/100  Kyds. 

5)  Similar  propagation  errors  could  exist  in  determining 
the  sphere  characteristics.  But  here  the  measvureiunts  generally  are 
made  at  rsoges  under  30  Ka.  The  estimate  of  total  Pg  errors  is 

0.5  db, 

6)  !nie  estimate  of  error  in  determining  ^  la  lass  than  0.1 
db  since  a  6-lDCh  sphere  is  used  for  calibration.  6-incb  sphere 
has  a  circumference  to  wavelength  ratio  of  about  15.  IMder  these 
conditions  the  radar  cross  section  is  within  0.1  db  of  the  geometric 
cross  section.  Oeneral  radar  theory  and  the  results  of  the  studies 
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dascrihAd  in  tiw  iu»jrf.  eectioQ  fb79  ths  te.&9s  for  ^stla&tos  of 
error  given  above. 

m.  mPOBMATIOH  RA.TES 

!Ihe  Nike  Hercules  has  a  basic  Infomatloo  rate  of  ^00  per 
second*  Ihls  Is  set  by  the  pulse  repetition  frequency  (FRF)  of  the 
system.  It  eas  one  of  the  objectives  of  tbls  study  to  devemine  the 
Information  rate  req^ilred  to  determine  aU  sltfilflcant  parameters 
associated  with  target  cross  section. 

Information  rates  In  saaq>lin8  .reduction  vlU  determine 
not  only  the  granularl^  of  the  discrete  data  but  also  the  presence 
of  significant  target  signature  characteristics*  Methods  of  record¬ 
ing  are  either  analog  or  digital.  Generally  all  data  will  be  reduced 
to  digital  form  In  the  process  of  analysis.  Nike  Harcules  In  Its 
tactical  configuration  has  only  analog  outputs  which  can  easily  be 
recorded  on  strip  chart  records.  Ihe  Information  readily  available 
that  Is  of  Interest  In  target  slguituxe  determination  Is;  AQC>  B/VI, 
target  position  In  X«  Y,  H  and  slant  range.  In  addition  the  video 
pulse  heigUt  from  the  AOG/IF  and  the  log  IF  (in  the  liqproved  Nike 
Harcules)  Is  available  for  recozdlng  on  video  tape  or  by  CRT  photo¬ 
graphy.  The  axialog  strip  charts  can  be  recorded  with  galvanotaeter 
recorders  which  have  freq:uency  response  characteristics  in  excess  of 
the  ^  pulse  per  second  repetition  rate  of  the  radar.  With  the 
expanded  scales  of  the  order  of  2  Inches  per  second,  the  records  can 
easily  be  read  at  20  per  second.  Hl£^r  chart  rates  (up  to  160  Inches 
per  second)  are  available  but  rarely  used  for  long  runs.  Practical 
reading  rates  for  the  normal  strip  chart  data  are  10  or  20  points  per 
second.  The  pulse  heli^t  Infonnatlon  vas  recorded  and  read  at  rates 
up  to  ^fOO  pulses  per  second.  The  reading  of  the  film  Is  time  consum¬ 
ing  and  hence  this  type  of  data  often  Is  not  recorded. 

When  the  higher  Information  rates  are  required  It  Is  more 
expedient  to  digitise  and  record  on  a  magietic  tape  in  a  fozmat  that 
can  be  fed  directly  into  a  standard  digital  computer  such  as  the  IBM 
709^*  In  the  case  of  the  Nike  Hercules  this  Is  done  at  the  pulae 
repetition  frequency  of  the  radar.  The  analog  voltages  for  ACC  and 
position  (X,  Y,  K  and  slant  range)  are  converted  In  a  standaurd 
axialog- to -dlglted  converter  and  recorded  In  IBM  format.  The  pulse 
heights  are  converted  to  pulse  widths  and  used  to  gate  a  counter. 

Hie  resultant  data  Is  converted  to  IBM  format  and  recorded  on  the 
sanm  digital  tape  as  the  digital  voltages.  Reference  timing  is  also 
recorded  on  the  tape*  Hie  spheric  caUbration  is  recorded  on  the 
tape.  This  one  tape  contains  all  of  the  data  required  to  establish 
the  cross  sectlcn  of  the  target  as  a  function  of  time,  range  and 
aspect  angle  of  the  velocity  vector  to  radar  line  of  eight.  Hie 
Infoxmatlon  rate  of  this  data  Is  300  per  second.  The  data  is  pro¬ 
cessed  by  the  computer. 
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IV.  RBSULT  OP  THB  STUDIES 

X)  Acawmcy  of  cAllbntion 

^nm  piupofle  of  caUbrfttion  Is  to  Mtablisb  tbe  ealihm- 
tloo  curw  for  tbs  JiOC  sad  pulse  hsl^^  a«  Aactlons  of  poser  Input 
or  cbengoi  In  power  input.  Ibe  lilB  leroalM  hes  a  built-in  oalib^e- 
tlon  device  In  tbe  font  of  an  XF  test  set«  Am  eelibxntlan  la  per- 
fomed  In  5  db  steps.  Ibe  ettenuetor  used  to  step  the  slpnsLl  level 
bes  e  noninal  eccurecy  of  ±  1  db.  Listed  in  Table  1  nxe  tbe  steadsud 
devletloo  on  e  typiosl  set  of  point  by  point  rersdings  of  J€C  end 
pulse  beipbt  (log  anp)  as  presented  on  ttoe  Cior  neoordlog. 


fbbli  I 

Beading  Accuracy  of  IF  Test  Set  Calibration  (2D  neaillme  par  flute: 

S/K 

Standard  Davlatian 

AOC 

standard  Devlatloa 

Pulaa  Bel^  (ing  Ai^) 

59 

0.62  db 

0.82  db 

1*9 

0.89 

0.61* 

39 

0.61* 

0.55 

29 

0,72 

0.67 

19 

0.52 

0.1*7 

9 

0,69 

1.33 

0 

>  1.5 

>  1.7 

It  can  be  seen  that  reeding  error  can  be  kept  snail  and  that  tbe 
overall  caUbratlcn  accuracy  vould  be  set  by  tbe  inherent  eccurecy  of 
the  IF  attenuator. 


Jh  tbe  Fite  lereulea  there  ie  also  an  RF  teat  eet  vfalcb  can 
be  used  to  calibrate  tbe  systen.  Calibzation  vltb  tbe  IF  teet  set  was 
caaqpared  with  tbe  RF  teet  set.  It  sas  found  that  tbe  Increaental 
changes  were  eeeentlaliy  tbe  aene  but  that  there  was  a  shift  in 
relative  value  of  tbe  AOC  and  tbe  logaritbaic  pulse  height  by  3  or  4 
,db  uben  tbe  RF  test  set  or  a  real  target  vas  xiaed.  This  can  be 
esqplatned  by  tbe  fact  that  tbe  IF  test  eet  pulse  has  sons  ringing 
resulting  in  a  distorted  pulse  in  tbe  logarltbailc  anplifier.  This 
does  not  affect  tbe  calibratioa  eccur  y  since  tbe  calibration  is 
used  only  to  scale  tbe  power  levels.  The  actual  reference  level  for 
all  records  was  set  by  tbe  6-incb  spbeze  which  ie  a  real  target. 

2)  Accuracy  of  the  Sphere  Track 

The  purpose  of  tbe  sphere  track  is  to  establish  the 
system  ccsistante  in  the  radar  range  equation.  Ideally,  the  sphere 
would  be  tracked  at  ranges  close  to  tbe  range  at  which  tbe  actual 
target  missile  measurements  are  to  be  made.  Often  this  Is  difficult 
to  achieve  and  it  is  necessary  to  extrapolate  from  ranges  of  10-30 
1^8  to  ranges  up  to  lOO  Kyds.  Extrapolated  data  is  corrected  for 
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lOidwa  •t&OajilMnc  avvlBua»iCn  *  Xb  PlgurS  3  6r#  jfrmmmtmu  ftCt*ia3 
plots  Of  ths  asMurod  siptal  rstuniBd  froa  6-iiie)i  sphsres  sud  ths 
tbsorstloal  eurvs  vdkiob  Is  ussd  to  sxtrspolsts  tbs  data.  OaMrally, 
the  standax^S  deviation  of  points  around  this  curve  is  of  the  order  of 
1  db. 

In  the  detexalnatloo  of  the  siffial  power  returned  froa  the 
sphere,  various  records  were  anal^ed  and  coi^pared  for  data  rata  and 
aethod  of  reading.  Ihe  aeans  (m)  and  standard  deviations  (8)  of 
relative  received  power  were  detendned  for  each  saaple.  These  are 
presented  in  !Mlss  II  and  III. 


Wble  n 

AQC  Recordings  of  Sphere  Track  (Balloon  Lofted) 

Strip  Chart  Cathode  My  Tbbe  Digl^  Tape 

(20/aec  -  ho  Points)  (TO/sec-lhO  Pts)  ( 125/sec -20  Pts) 

2000  yds 

N  « 
s  * 

44.7  db 
1.4  db 

M  * 

s  ■ 

40.6  db 

0.97  db 

If  -  42.8  db 
a  s  1.6  db 

hOOO  yds 

If  « 

s  • 

27.9 

1.4  db 

M  - 
s  ■ 

30.2  db 
1.05  db 

M  s  31.5  db 
s  *  1,3  db 

aoOO  yds 

M  - 
s  • 

16.2  db 
0.82  db 

M  - 

s  • 

19.75  db 

1.1  db 

N  «  19*2  db 
s  «  1.03  db 

TShle  in 

CooQiarlsoo  of  AOC  (With  and  Without  Video  Correction}  and  Pulse 
Hei^t  froa  the  Logarithaic  AspUfier  for  Sphere  Track 

Log  Aav  AOC  Plus 

Range  Pulse  Height  AOC  Only  Video  Correctinn  IhtiRste 


2000  yds 

M  " 

37.3  db 

M  •  40.8  db 

N  «  41.1  db 

Iho/sec 

s  = 

1.76  db 

s  ■  0.97 

s  ■  1.55  db 

4000  yds 

M  - 

24.6  db 

M  -  30.2  db 

If  >  29.9  db 

IhO/sec 

s  • 

1.2  db 

s  ■  1.05  db 

s  -  1.94  db 

8000  yds 

M  •* 

15  db 

M  •  19.75  db 

M  ■  18.6  db 

IhO/seo 

s  • 

1.25  db 

s  «  1.1  db 

s 1.16  db 

9200  yds 

If  - 

11.74  db 

M  -  9.32  db 

If  *  6.82  db 

500/see 

s  ■ 

1.84  db 

s  •  1.06  db 

s  :  2.1  db 

The  results  indicate  that  there  is  no  advantage  in  a  hig^i 
data  rate,  in  fact  if  only  25  pulses  at  500  per  second  are  used,  the 
resxilting  standard  deviation  of  the  data  can  be  as  hl^  as  2  db 
irtiile  for  ths  longer  data  soaples  the  standard  deviation  is  close  to 
1  db.  It  Is  also  apparent  that  the  standard  deviation  of  the  AQC 
data  is  lower  than  the  standard  deviation  of  the  actual  pulse  heltfit 
data  froa  the  logarittetc  aapUfier.  This  is  attributed  to  the 
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Mttotiiing  4)u«  to  tb«  x^epooM  tint  of  tbs  AQC  Mrvo  loop.  Wten  the 
AQC  voltooe  m»  eorreoted  by  the  video  pulM  heli^t  (error  elfftel  of 
the  AOC  servo)  the  stendsrd  devietlcn  wm  cospersble  to  thet  of  the 
lofsrltbBic 

The  Been  velue  of  cech  piece  of  data  Is  given  In  Table  m 
aloog  vlth  the  standaard  devlattoas.  The  Beans  of  the  log  data  axe 
generally  several  db  belov  the  UK*  This  is  attributed  to  calibra¬ 
tion  techniques  and  is  of  no  consequence  in  the  use  of  the  sphere 
data  since  the  Bean  value  of  the  sphere  return  is  used  as  a  reference 
for  each  BSthod  of  recording. 


OrdinarlJly^  sphere  track  calibration  Is  perfomed  vith  a 
6-lnoh  sphere  lofted  by  a  weather  balloon.  The  balloon  affects  the 
sphere  return.  The  Bsgiltude  of  this  error  was  evaluated  by  cosiparlng 
the  standard  deviation  of  the  balloon  and  sphere  with  a  sphere  droxpsd 
froB  a  B-k7.  It  was  found  that  the  sphere  drop  data  had  a  slightly 
lower  standard  deviation  (0.73  db  vs  1  db).  The  effect  is  considered 
second  order.  It  wae  lagMsible  to  deteralne  any  blae  since  the  data 
^me  not  run  on  the  seas  dey.  Data  run  on  different  days  coegiare 
'^rithin  1  db,  Thla  is  shown  on  the  plot  in  Figure  3* 

Tha  overall  accuracy  with  which  the  return  power  from  a 
-^^phexe  track  ae  a  function  of  zenge  le  estinated  as  1.0  db  yAwa  10 
or  more  range  sanplee  are  xieed  to  detenalne  the  ^  db/decade  sphere 
curve  ahowD  in  Figure  3*  Standard  devlatians  of  1  to  2  db  are  zepre- 
eentatlve  of  the  epread  of  the  range  saiqples  from  the  Uo  db  per 
decade  sphere  curve. 

Ae  a  final  note  It  may  be  atated  that  on  a  specific  radar 
^!the  slgml  returned  froa  the  6-lnch  sphere  does  not  vary  by  more 
then  2  or  3  db  from  the  theoretical  value  calculated  from  the  basic 
radar  range  equation  \ibea  the  measured  values  of  transmitter  j;owcr, 
antenna  gain,  wavelength  and  receiver  sensitivity  are  used. 

'  3)  Accuracy  of  Rapidly  Scintillating  Targets 

In  order  to  evaluate  a  rapidly  scintillating  target^  a 
piece  of  tin  foil  was  beULoon  lofted  to  serve  as  a  target  for  the 
radar.  The  informatlcn  wae  recorded  as  mentioned  above.  The  data 
iwss  analyzed  using  different  sampling  rates  and  different  information 
^  ^riods . 

The  analysis  showed  that  in  order  to  adequately  charac¬ 
terise  the  cross  section^  the  informatlcn  rates  and  periods  must  be 
:  eet  to  record  the  changes  of  slgul.  Analysis  of  the  foil  tracks 
"indieatee  that  the  sigial  level  can  change  by  ±  10  db  in  1/300  eec.^ 
that  is,  at  the  pulee  rate  of  the  radar.  Figure  4  gives  plots  of  the 
sigcial  returned  froa  the  foil  at  the  prf  of  tie  radar.  The  data 

r lotted  Indicates  clearly  that  the  UK  without  video  pulse  correction 
servo  error  correotloo)  has  greater  excurel<si8  thma  the  pulse  height 
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M  recorded  by  tbe  log  eiqplJLfler.  When  video  correct4.o>i  Is  added^ 
the  tvD  curvee  are  in  reaeooable  agreeawnt.  dynanic  ranga  of  tbe 
video  error  sieial  is  not  sufficient  to  laate  corrections  in  excess  of 
1  li?  dh.  When  the  2$  readings  used  in  the  saiig>le  shorn  in  Figure  U 
sere  Koalyzed  the  foUoving  statistics  resulted: 

Mean  Standard  Deviation 

AOC  only  29  db  ^.8  db 

Log  Pulse  Height  32.6  db  k  db 

HOC  Video  Correction  31  db  ^.Od  db 

It  is  evident  that  the  aean  and  standard  deviation  of  the 
AOC  vben  corrected  by  the  video  error  are  In  reasonable  agreement 
with  the  log  pulse  height.  Ube  inplicatlons  are  that  the  AOC  alone 
should  not  be  used  to  develop  short  tern  (fine  resolution)  Infoma- 
tlon  or  rapidly  8cintlllSi.tlng  targets. 

The  Areas  missile^  vhlch  Is  a  isBteorologlcal  sounding  rocket, 
vas  used  as  an  exsiqple  of  sdsalle  targets.  Hie  sl^ial  return  fluctua* 
tlons  were  similar  to  those  of  the  foil.  The  resulting  statistics  on 
the  comparison  of  the  AOC  alone,  AOC  with  video  correction  and  log 
pulse  height  vere  similar  to  those  on  the  foil. 

In  order  to  determine  the  sigiiflcance  of  the  data  rate  and 
data  Interval  a  section  of  the  Areas  track  vas  analysed  by  reading 
at  different  rates  and  for  different  time  intervals.  The  following 
statistics  vere  developed: 

a)  With  20  readings  at  10  per  second  the  mean  vas  23.4  db 
and  the  standard  deviation  vas  6.2  db. 

b)  With  20  readings  at  100  per  second  the  mans  on  conaecu* 
tlve  samples  In  the  same  2  second  tlm  Interval  covered  In  (a)  above 
vailed  from  18.7  db  to  27.7  db.  The  standard  deviatiana  varied  from 
2*4  to  5.6  db.  Obviously,  the  long  term  statlstica  do  not  adeguately 
describe  the  target  cross  section* 

V.  C(»ICIJOSIONS 


The  above  studies  indicate  that  log  pulse  helcdrt  Information 
at  the  repetition  rate  of  the  radar  must  be  used  In  order  to  deter* 
mine  the  detailed  statistical  characteristics  of  missile  targets.  On 
the  other  hand  long  term  (order  of  1  second)  average  characteristlcc 
can  be  determined  by  use  ox  AOC  data  alone.  For  slowly  fluctuating 
targets,  the  AOC  data  Is  quite  adequate.  The  ovorall  accuracy  of  the 
determination  of  radar  cross  section  Is  dependent  on  range  and  S/N. 
Figure  2  gives  tbe  best  estimates  of  errors  for  a  radar  cross  section 
masurement  program  utilizing  the  Nike  Hercules  target  track  radar* 
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Range  In  Kiloyards 


Where I 

<  S/Kp  -  RMS  TARGET  S/H  READING  ERROR 
4  F.J.  -  RMS  PROPAGATION  ERROR  FOR  TARGET 

4Fs  -  RMS  PUOPATATION  ERROR  FOR  SPHERE 

SPHERE  CALIBRATION  CURVE—  RMS  ERivUR  IN 
ESTABLISH INO  THE  SPHERE  CALIBRATION  CURVE 
(95%  CONFIDENCE) 


FIG,  2 

ERROR  COmiBUTIOKS  FOR  N.H.  TTR 
RADAR  CROSS  SECl’ION  MEASUREMENTS 
(FOR  EACH  SAMPLE  OF  TARGET  DATA) 
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SPHEBS  TRACK  CF  6  INCH  SPHERE 
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Fia.  4 

A  OF  FCTL  TRACK  AT  ?00AEC 
(2$  CONSECUTIVE  READINGS) 


oumi,  IMRTJl^  BOSS  nd 
uoaa,  2d  JAi,  QSAB 


saBmxmnacTOBS  is  jmmjzD  elbctbohics 


aHRHiHT  C.  OAOLS,  JidCBS  T.  SBJSSLJS 
BSODSD  Im  boss  and  fiOT  S.  LOOAV,  2d  Lt,  USAB 

u.  s.  ABUT  suasaaacs  bbssarch  aid  BBVELGapMarF  labobatories 

FOSE  mmsm,  sof  jsset 


1.  DHBOJDCTIOB 

A  rapercondoctor  la  completely  free  of  obalc  losses  for  a 
direct  current  and  nearly  free  of  such  losses  for  alternating 
currents  vlth  frequencies  up  to  Nc/sec  and  hlcfher^  depending  on  the 
clrciMstaiices.  Circuits  vlth  superconducting  Inductors  and 
capacitors,  and  scpercondnctlng  IntexlTerence  shields  for  such 
circuits  thus  appear  as  a  natiiral  choice  vhere  a  nlnlaaa  of  loss, 
noise,  and  Interference  tram  the  envlronaent  Is  desired,  as  for 
exsaple  In  the  first  stage  of  a  cr—nrnl cations  receiver. .  Sop<ur> 
conducting  resonant  circuits  vlth  very  high  Q  values  (10”  and  hl^er) 
have  Indeed  been  successfully  operated  In  the  Mc/sec  range  (1),  (2), 
hut  the  tuning  of  such  circuits  proved  to  he  difficult.  It  vas 
recognlved  at  0SAELBEL  (3)  that  reaotely  controlled  svltches  vould 
solve  the  tuning  prohlen  provided  the  svltches  vould  Introduce  no 
loss  Into  the  clrcidt.  Ae  "cryttron,’*  a  superconducting  computer 
elensnt  (4),  has  often  been  called  a  superconducting  "svltch,"  Inxt 
It  Is  really  only  a  current  gate  vlth  sero  resistance  In  the  "closed" 
position  and  a  finite  resistance— ^a  fev  hundred  ohas  at  sost— In  the 
"open"  position.  A  superconducting  svitch  vlth  a  true  "open" 
position  (virtually  Infinite  resistance)  vas,  hovever,  deeaed 
necessary  for  tuning  and.  In  feurt,  for  aost  purposes.  It  vas 
predicted  (5)  that  a  novel  combination  of  superconducting  solenoids 
vlth  shperc<»Qdncting  contacts  vould  constitute  a  reaotely  controlled 
siperconducting  svitch  vlth  the  desired  properties.  Sipcrlaiental 
vorh  vas  begun  in  fall  1963  vhlch  soon  resulted  In  the  construction 
of  an  actuating  aschanlsa  capable  of  glrijng  contact  forces  up  to 
1000  g  (Section  2).  Ibe  search  for  a  suitable  superconducting 
contact  mterlal  and  a  suitable  contact  configuration  proved  auch 
■ore  difficult,  but  contacts  vhlch  vould  reproduclhly  coxztrol  super- 
currents  of  16  A  had  been  devel<q?ed  In  spring  1964  (Section  3)» 

This  gtiypi-taingiy  currexrt  value  pezvlts  the  use  of  the  nev 
relay  switch  not  only  for  the  low  power  eppUcatlons  Mentioned  in 
the  beginning  but  also  for  hi^  power  applications,  e^clally  in 
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q»—ectl»a  with  tlM  mmr  vidaljr  «mA  mp«ro«idiiotlag  •ol«Bold«  for  tiM 
KCMT^tloa  of  bl^  tai^paotlc  fiolds.  UalJiig  tbo  aaolofir  botvooK  a 
bTPotR^tlcal  losaloiis  cai^itor  aad  a  BtQwrcoaductlJBg  iaductor  or 
aolasioid,  basic  cisvaitp  for  toe  "caarsiag"  aod  "diacbarslag"  of  a 
stqpercoadoctlag  aolaaold  vara  deTalorpad  (o)  sad  acaa  of  tbaa  tastad 
(Sactloa  4). 

9io  Xov  OipanKtlag  tanparaturaa  of  tba  prasantly  osad  aaper- 
coadoctars  aftaa  praaaat  tlM  sfipllcatiaa  of  siQtarcaaiduotlag  darlcaa 
aad  circuits  la  splta  of  tbalr  obrLous  adTaatacas.  Bacaat  progross 
la  tliis  ai'oa  as  a  rasnlt  of  ai^pliflad  cooUag  asthods  aad  of  i»- 
provad  aatarlals  is  outliaad  la  Saetioo 

2.  BBUT  janwnnai  with  aePBOffi^aiCTiBa  ooaM 


Bm  autual  scttractloa  aad  rapolslon  of  two  slallar  supar- 
coodactlag  colls  vara  nsad  to  actuate  the  first  axperlaaotal  relay 
svltch  built  by  the  aotbors^  shova  la  Fig.  1.  Other  possible  aaipset 
ceaflgnratloos  have  been  discussed  alsevbere  ($).  Bo  soft  Iroa 
ratuxa  path  vas  used  for  the  aagaetic  flux,  because  this  vould  In¬ 
crease  the  cooUag  requiresants  for  the  relay,  and  also  because  the 
high  aagaetic  fields  geoeratad  by  suparcouductlng  colls  tend  to 
aagnetlcally  satxirata  the  Iron,  thus  asking  It  useless. 

Bach  aagaet  coll  vas  aade  by  vladlag  approxlaately  1300 
turns  of  aoiybdezma-rhenlua  vlra  on  a  nylon  bobbin  vlth  1.6  ca  outer 
dlaaster.  Malybdenua-rhenlua  is  a  "hard”  superconductor,  that  la, 
a  aaterlal  rewalnlag  superconducting  In  a  strong  aagnotlc  field  and 
vhen  carxylag  a  large  current. 

Sis  relay  coulsts  of  too  .^JSple  bekellt-e  parts,  ^e 
stationary  and  ona  aoTSble,  each  carrying  one  coll  end  one  contact^ 
(Fig.  1).  The  aagnetlc  force,  aognlflad  by  larar  action,  acta  on  the 
tvo  ceatacta.  To  aaasure  the  contact  force,  as  a  function  of  coll 
current,  a  nylon  string  vns  attaebod  to  the  upper  contact  am', 
ccnnectad  to  a  balance  cn  top  of  the  cryostat  in  vhich  the  reliqr  vas 
kept  et  the  tenperature  of  4.2*K.  Scam  of  the  results  are  given  in 
leble  U,  Section  3*  Ae  force  increases  strongly  vlth  the  coil 
current  and  reaches  1000  g  for  the  narlnm  current  carrying 
capacity  of  the  colls  ittS.k  A).  A  conventional  copper  vlre  of  eqiial 
thickness  (0.23  1ik  place  of  the  No-Be  vlre  vould  sustain  no  more 
tb*"  w  0.1  A.  It  Is  this  difference  In  operating  current  for  a  given 
vlndlng  vhleh  aakes  superconducting  coils  so  superior  to  conventional 
ones  in  prodneing  mechanical  forcea  for  the  operation  of  contacts  aad 
other  purposes. 

3.  OMTACTB  FOB  LABCIB  aOPgCOKBWTB 

Xu  191%  r snarl  Initi  ftnmrj  the  discover  of  supereondnctlvl- 
ty,  made  1  ne  first  sapsreomftactlag  "svltch"  vhen  he  piressed  tw 
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pittc**  of  •qporconlnctla^  lool  to0»tbftr  and  foiiol  •uparcooloctiTlty’ 
acToat  tiM  coBtact  (7}«  Later  vorkera  fonad  tkat  aa  oxide  lan^*  aad 
eren  aa  laatilatlag  of  ■oderate  tMclcacaa  (ap  to  lO’T  cm) 

botvMB  tbe  coatact  a^s^acea  doaa  not  prevent  a^percoadactlvity  acroaa 
tbe  coatact  (7)^(8)>  Sbla  aorprlaiag  effect  eaa  explaiaed  thaoretl- 
caOJjr  (NUy  recently  Iqr  Joaapbaon  (9)(”Joa^phaoO'Tuiuk  Uitg"). 

When  tbe  current  throng  a  anopercondncting  avltch  la  raiaed, 
a  critical  current  ealua^  1^,  la  flaaUy  reacbed  at  which  the  auper> 
conduetl'vlty  acroaa  tbe  coatacta  Tanlabva.  ihla  beconaa  eeldeat  aa 
a  -voltage  acroaa  tbe  contact  a.  can  be  deteradned  by  obaerelng 
thla  Toltage  with  aeparate  voltage  leada,  aa  a)joim  In  FlR.  1.  All 
tbe  avltcbes  r^orted  in  tbe  literature  bad.  valuea,  uaually 

■uch  leaa  than  1  A*  Varloua  contact  palra  uaod  in  tbe  Initial  phaae 
of  tbit  work  were  found  aupercondnctlng,  but  with  dlaappolntlncly 
aaall  Icr*  Seaulta  for  three  typical  contact  palra  are  Hated  la 
Teble  J. 

TABUS  1 


contact  1 

coatact  2 

contact  force 
(«) 

Act 

(S 

aultlflnger 

arrangement 

lb  -  «beet 

650 

2  •  10*^ 

of  Ib  wire  (0.4  am) 

750 

2  •  10"* 

Fb-ai  alloy 

lb  >  abeet 

350 

2  '  lO-^ 

(4o/6o),  ban  ab^ped 

iiioo 

11  ’  10*3 

55c 

73  •  10*3 

Ooo 

74  •  10*3 

Fb»Sn  alloy 

Pb-Sn  aUoy  (4o/6o) 

550 

IB  •  io"3 

(kO/60),  ban  abaped 

ball  aha;^ 

650 

16.5  * 

It  waa  deduced  froa  tbeae  data  that  (a)  Iscreaalng  tbe  cool  let  force 
beyond  ^  500  g  glwea  little  lagproeenaat^  and  that  (b)  at  leant  one  of 
the  contacta  aboold  be  of  a  aoft  aaterl^,  aucb  aa  tbe  lead-tia  aUny 
naed  la  two  of  tbe  experljwiita.  It  la  knoen,  however,  that  even  thla 
alloy  becoaoj  rather  bard  when  cooled  to  liquid  ballun  taogperature. 
Pore  lead  waa  cboaen  therefore  for  tbe  next  experljauta.  Lead  re- 
talaa  a  plaatlclty  at  4*K  coagMurable  to  that  of  copper  at  room 
teagperetxire.  Ibe  plaatlclty  of  a  contact  material  appeara  to  aecure 
tbe  foroatloo  of  aa  "effective”  coatact  area  larger  than  that 
obtalaabla  with  a  bard  aaterial  (j).  She  contacta  finally  uaad  In 
thla  woA  were  of  lead  gnlvaalcally  coated  with  a  very  thin  layer  of 
tin.  Sbe  ooetaeta  were  kept  under  hellun  gaa  dcuring  tbe  cooling 
down  period.  Sheae  maaaurea  were  aiaad  at  preventing  tbe  formatloo 
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of  loartrt  of  ood-do/  looj  or  froBOO  air  oe  tbm  coastoct  norfocaa.  Xba 
roaolte  with  tin  eootod  load  vara  axsaUmt  and  waatlor  auparior  to 
egr  p^'tr>lefoa  results,  as  sbosa  is  Ssl^ls  U.  Siii  ta^  also  sItus 
the  contact  foroa  as  a  fUBctlco  of  coll  currant. 


vswrv  n 

coil  currant  (A)  contact  fos'ca  (g) 

Icr  (A) 

1.5 

350 

<  1 

2-3 

475 

2.3 

3 

6oo 

13 

k 

800 

13.5 

Biase  results  ware  quita  reproducible,  la  one  run  an  value  of 
l6  A  was  attalnsd.  technical  raflnsntants  of  the  crude  experlnental 
set  up^  ehown  In  Fig.  1,  will  undoubtedly  Improve  the  perfoxuance  of 
tbs  sHparconductlng  ralsy  switch  further. 

».  jgFUcmore 


fits  soccassful  oparttloB  of  radio  fraqnaacy  and  of  nierovava 
circuits  iada  of  si^arcooductlas  cosyonemts  bas  baea  reported  ty  other 
groups  (l),(S),(10).  Qm  MV  m^percondnetliig  ralsgr  switch  described 
In  the  prions  aactloo  now  askkes  possible  the  tuning  of  such  circuits 
by  rmota  control.  Sewaral  switches  could  serrs,  for  exaagtle,  to  add 
capacitors  or  Inductors  to  a  sivercoodnctlag,  high  Q  rssooaat  circuit. 
Slsce  tbs  bare  s^xo  raslstsace  in  their  "closed,*  and  virtu¬ 

ally  infinite  resistance  In  their  "opea*  position,  ths  svitcbss  will 
not  Introduce  any  losses  Into  the  circidt  (3).  In  older  switching 
device,  the  "cxystroo,"  could  not  be  tised  for  this  purpose,  because 
It  has  no  true  "open"  position,  as  discussed  la  Section  1. 

ths  first  step  toward  hlgd*  povar  sppUeatlons  of  tbs  new 
superconducting  switch  was  tidBen  by  the  anthers  when  they  connected 
ths  new  switch  to  the  temdaals  of  a  high  field  kOe)  supercondnet- 
solenoid,  and  used  it  to  e<mtrol  the  solenoid  currant.  The 
solsaold  la  of  SMdlis  else  (1.25  oa  bora)  and  has  an  Inductanca  of 
M  5  henry,  fba  hlghast  supareurraBt  which  could  be  controlled  so  far 
was  12  A.  One  purpose  of  these  ej^erlaeiits  is  to  explore  the  storage 
of  alectrlcal  energy  with  the  solanold.  the  storage  of  electrical 
energy  In  lew  loss  espaciters  has  bean  used  In  electronics  for  nany 
years  for  ths  operation  of  pulsed  tranasltters,  of  pulsed  light 
sources,  and  also  in  plasna  rasasreh.  A  superconducting  solenoid  can 
be  cottslderad  as  an  indnet^r  which  Is  lossless  in  low  fraopancy 
applications,  tb*  propaetlas  of  such  na  Inductor  are  aet  In  analogy 
to  those  of  a  hyFsthetical  Issjags  fpsa  cspaeltor  In  Fig.  2.  the 
^paattaa  of  charge  for  the  cig^ltar  Is  af  course  a,  the  alactronic 
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Cumj^i  vqQimunt  for  tlM  lodoctor  !•  tb*  Mvljr  dlacortrod  (IX) 
qaantuK  of  aa^iMtic  flux,  hc/2e  (b:  Plaack'a  caostaai,  c:  TaXocl-^ 
of  Ufbt).  Slaco  both  "charge  quaaia"  are  Tazy  araall,  thay  are  not 
obaerred  azcc^  under  raw  »ecial  ccndltlosa  and  ths 
procaaaaa  can  be  traaML  aa  contlnuoue  In  the  following.  Chargiaf 
the  cacMicltor  le  accoapJ  iahed  through  the  tranafar  6f  electric  charge 
between  the  cei>ecltor  platea,  reaultlng  In  a  woltage  between  the 
platea.  "Ghas  ging"  the  Inductor  la  aceceipllabed  by  bolldlng  nP  • 
carrent  through  the  winding,  reonltlng  la  a  ■agnatic  flax  ttrreadlnt 
the  hole  of  the  Indactor.  The  charged  atate  of  the  cgpacltor  la 
characterised  bj  an  open  circuit,  the  aaalogoua  atate  of  the  inductor 
by  a  abort  circuit  (produced  by  the  cioaing  of  a  aupercondnctlng 
avltch).  9!be  ■arl—i  charge,  of  the  capacitor  la  Halted  tgr  dielectric 
breakdown,  the  eexlini  angnertlc  flnx  of  the  Inductor  la  Halted  by  the 
field  Induced  breekdown  of  the  aupercooductlwlty  of  the  winding. 
Technically  attalueble  walnea  for  either  kind  of  breakdown  are  uaed 
In  fig.  2  to  doaonatrate  that  the  energy,  w,  which  lay  be  atorad  par 
unit  wolne  of  the  dewlce  la  such  greater  la  the  cane  of  the  aolanoid. 
IbnaOaa  for  the  total  aaouata  of  energy,  V,  atoreble  In  either  oaae 
are  alao  gdwwn  In  fig.  2.  She  largaat  aopaTOondnetlng  aolanolda 
which  are  now  ciwarr telly  awallabla  have  bcrea  graatar  than  15  cs 
and  Inductaacee  up  to  1000  Benry*  C^nirlng  a  typical  currant  I  w  20  i, 
aooh  a  aolanoid  atoraa  W  w  2  •  10^  Joule,  tha  eorraapondlng  valaa  for 
a  capacitor  of  eonparahle  alsa  and  mifgoA  would  ba  anch  aaaller. 

Cbe  bottca  part  of  fig.  2  illnatrates  the  traaafer  of  the 
atored  energy  into  an  outeide  load  R* .  Ibr  the  capacitor,  this  ia 
accoapHahed  by  cioaing  a  awitch,  for  tha  Ixidactor  by  opening  a 
atQterconductlng  awlteh.  BUtll  now,  only  theraally  actlvatad  eryotrona 
were  tiaed  la  connection  iflth  aupercoodactlag  aolanolda*  Vtie 
reaiataaee  of  ^  "theraiQ."  crygtros  can  be  varied  oa^  ilgwly  (wlthls 
20  aec)  ffoa  zero  to  the  ■aTiti  value  of  a  few  ohaa*  Moat  tha 
atored  energy  la  thua  ceoaueed  by  the  cryotron  Itaelf  and  tranafar 
to  an  outside  load  la  Ineffective.  ISw  dlacharga  procaaa  pfraaantad 
in  the  right  botton  part  of  fig.  2  la  poaalble  only  with  a  aqpar- 
conductlttg  awitch  which  goea  fron  "saro”  to  "infinite"  realatance 
iMediately,  auch  aa  the  reley  awitch  built  end  uaed  by  the  authore. 

figure  3  ehoww  the  two  analogoue  baeic  charging  clrcuita  for 
alternating  current,  the  tlxLng  for  the  period#  of  charglag  is  In¬ 
dicated.  the  euperciioductlng  awitch  ecroaa  the  Inductor  la  open  only 
during  the  charging  period.  Khan  It  la  cloaed,  no  voltage  ia  applied 
to  the  Indnctor  end  Itc  current  not  Influenced  by  the  po»iwur  eource. 
the  charging  Is  coegleted  when  the  eupercurrent  throvM^  the  iadactor 
equal#  tha  peidc  current  of  the  power  eource. 

flgore  4  deacrlbea  two  elretilte  enplcylng  current  trana- 
foonaen.  One  winding  of  a  cuxvent  tranaforaar  le  ontalde  of  tbs 
crycstat.  Qm  energy  transfer  Is  through  tha  wall  of  the  cryostat  by 
Induction,  this  la  auparlor  to  the  direct  tranafar  of  energy  through 
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hfisiry  currsfiit  Imcw  vnich  ar*  dijTflcult  to  cool.  XKcopt  far  tbe 
cuxToat  txMuifoziMr,  tb«  first  circuit  la  fig.  4  operates  like  tltat 
la  fig.  3.  ISM  seconl  circuit  la  fig.  k  is  SDalogous  to  a  vibrator 
clrcxilt  vlth  capacitors,  it  cos«arts  tns  stoxed  direct  curreot  lato 
altexTaatiag  curreat  bjr  ualag  a  reversal  svltclx  82,  aad  by  Inter- 
aedlateljr  stoziag  energy  ia  tbs  supercoaductlag  traasforasr  vlndlng 
V2  ooablaed  vlth  the  closed  superconductlag  switch  83.  fhe  tlaliig 
of  the  switches  for  discharge  is  iadlcated.  With  different  tlalng, 
the  save  circuit  is  used  for  charging. 

figure  5  Indicates  the  storage  of  energy  in  a  sigMrcondxictlng 
eoahlnatlan  S  and  I*  as  before,  but  a  swltchl^  tranalstor  T  1  outslda 
,of  the  cryostat  la  coanectad  parallal  to  S.  Za  the  "standby”  position, 
S  la  opsiMd  and  ths  solenoid  cuxrreat  is  forcsd  to  flow  throu^  T  1. 
tlM  storags  is  than  of  course  xxo  longer  less  free,  but  the  loss  during 
a  short  standby  period  is  tolerable,  for  operation,  the  swttcblng 
tzenaistors  EL  and  3S  are  alteraatlngly  opened  and  closed  with  the 
resonance  firequancy  of  the  traaasitting  circuit,  thus  concerting  the 
stored  energy  into  a  very  powerful  radio  frequency  signal. 

Ehs  equatlooa  at  the  bottoai  of  fig.  2  Indicate  that  a 
"discharging"  Inductor  behaves  esssntlally  like  s  coostant  current 
genezmtor.  Shis  feature,  together  with  others  listed  Above, "  nakes 
a  sdparconducting  solanoid  caaft>laed  with  a  superconducting  switch 
particularly  attractive  for  the  operation  of  pulsed  light  sources. 

JUb  ths  onset  of  t.’ie  pulse  the  xreslstance  of  such  a  device  is  usually 
hiih;  ths  solenoid  then  applies  a  high  "igniting"  voltage.  Later  on, 
when  the  resistance  of  the  device  dxrops,  the  voltage  drops  according¬ 
ly,  and  the  initial  current  is  never  exceeded.  Zhls  is  in  contxrast 
to  ths  action  of  a  capacitor— eesentially  a  constant  voltage  genera¬ 
tor— which  tends  to  apply  ton  such  voltage  after  "i^ixitica,"  so  that 
sBxch  of  the  pulse  energy  nust  be  destroyed  in  a  stablUtlng  resistor 
or  the  like.  Superconducting  solenoids  and  x«lay  switches  capsble 
of  delivering  pulses  of  several  hundred  volts  and  nany  thmi sands  of 
Joules  should  bs  obtainable,  fig.  6  shows  a  slsple  circuit  for 
pulsed  light  sources,  based  on  principles  slsdlar  to  those  of  fig.  5< 

5.  OOQLIMO  fiCTlgJaB 

la  the  usual  laboratoxy  operation  of  a  supercoodneting 
cix«uit  the  circuit  is  housed  la  a  cryostat  which  is  cooled  by 
transferring  liquid  nitrogen  a;.d  liquid  hellisB  into  appropriate 
cenpartnents  of  the  exyoatat.  Qxe  transfer  of  a  cryogeixlc  liquid  is 
a  difficult  and  tins  conawlng  nanlpulAtlon  which  is  necessary  be¬ 
cause  the  eoasuner  of  the  cooling  exxergy,  the  circuit.  Is  separated 
fxoti  the  source  of  the  cooling  energy,  naaely  the  liquefler  for  the 
heliun  or  nitrogen.  In  this  fashion  several  cryostats  can  be  sexred 
trem  OQS  liquefler,  pemlttlng  ainultaneoua  work  on  several  erperl- 
asnts.  Ebe  laboratory  aethod  of  cooling,  however,  is  neither 
necessary  nor  even  suitable  in  the  technical  ^plication  of 
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*ap«rco«dactlac  elrci  lt«.  tmrm,  tbm  best  iraproecb  la  obrloaaljr 
tlirough  *  con^lnetlob  of  the  ciyostet  vltb  tba  Uquefier  (or  eaotber 
source  of  coollag  uerjor),  such  ttiet  fulljr  eutoastlc  operetloa  vltb- 
cut  SZtoraS^  trSuSfeir  of  cz^o^raio  Xl^ptlds  la  ecoqiy T 1  ihed . 
Bsfrl^eretors  of  this  sdipaiiced  kind,  celled  "closed  cycle  refrlsere** 
tors"  ore  nov  cnswerclelljr  eTSlleble  la  Tsrlous  slses,  even  rather 
SBsll  ones.  A  closed  cycle  refrl^erstor  bes  saverel  "cooliag  stifetlaas” 
essentlallgr  cooled  artel  plates.  Ibe  sqpercoaductlas  circuit  Is 
araated  of  course  ut  the  stetlca  vlth  the  lowest  teav>ereture . 

Uectrlcel  leads,  coexlel  cables,  aed  waveguides  coasected  to  the 
supercooductlng  circuit  ere  eloo  theraALly  linked  to  the  atatloos 
with  Intezasdiete  teai>eretares .  In  tl^s  fashion,  the  beet  flowing 
Into  tbr  cryostat  Is  "Intercepted"  at  e  reletlveljr  hl^  teiperature 
level,  lbs  theraodynaalcal  efficiency  of  e  closed  cycle  refrigerator 
Is  therefore  excellent  even  when  heavy  cables  or  waveguides  or  the 
like  are  used. 

Progress  would  bs  still  greater,  of  course.  If  it  were 
possible  to  operate  the  si^rconductlng  circuit  itself  at  a  hlidMr 
teaperature.  Although  asny  auperoonductore  with  transition 
temperatures,  Tc;  between  15*1C  and  18*1C  we  known  (l^^),  1a  A 
(Tc  "  7*2*K)  sad  slat  In  '  astala  ace  predoai  laatly  used  now  la 
electronic  circuits.  As  discussed  in  Sectlvn  leed  Is  a^Ao  tbs 
best  cootsct  aeterlal  known.  If  a  aearch  for  aaterials  with  satis¬ 
factory  high  freonsncy  and  contact  properties  saong  the  sqpercon- 
dnctors  with  Tc  2:  15^  proves  successful,  the  operating  teisperature 
could  be  raised  accordingly.  This  would  in  txum  peralt  at  least  a 
tenfold  redaction  In  refrigerator  Input  power. 

6.  COJCLOSIOI 

The  low  power  as  well  as  the  hl<ib  power  applications  of 
superconductivity  are  increasing.  Both  are  expected  to  benefit  froa 
the  high  current  relay  switch  developed  by  the  authors.  In  contrast 
to  previous  "switching"  devices,  the  new  switch  bes  a  true  "cpen" 
positlsa,  and  is  thus  loss  flwe  In  eithsr  position.  A  novel  aetbod 
for  the  storage  of  electrical  energy  is  given  by  connecting  the  new 
switch  with  e  high  current,  hl^  inductance  superconducting  solenoid. 
The  basic  circuits  are  derived  frea  analogous  cspacltor  circuits.  Tbs 
Inductive  energy  storage  Is  sviperlor  to  the  capacitive  oae  In  the 
operation  of  pulsed  11^^  sources,  for  ezasplo.  A  sharp  distinction 
shsuld  be  aids  between  the  cooling  aethods  suitable  for  the  labora- 
toc7  aad  those  for  technical  eppUcations.  Ihr  the  latter,  greater 
nee  abonld  be  aade  of  the  now  available  closed  cycle  refrigerators. 

opsrating  teaperatures  for  superconducting  circuits  sre 
sought  ^irouih  Improved  aaterials.  The  dsveXopasnt  of  special  low 
lose  dielectric  aaterials  for  these  circuits  is  also  suggested. 
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Correepoadiiig  a.c.  charging  circuits^  as  in  Fig.  2. 
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Operation  of  pulaed  Ugjit  source  froM  superconducting  solenoid, 
slJBilnr  to  Pig.  In  contrast  to  a  cspacitor  bank,  a  super- 
condncting  solenoid  it.  esseatlaUjr  a  constant  current  source  vtilcb 
is  pore  svd.table  for  annjr  pulsed  light  sources. 


374 


GERBER  And  AHtSTROm 


RUBY  LASER  WITH  VIBRATING  REFLECTOR 


E,  A.  GERBER  and  E.  R.  AHL5TROM* 

U.  S.  ARMY  ELECTRONICS  RESEARCH 
AND  DEVELOPMENT  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 

INTRODUCTION 

It  is  well  known  that  conventional  aolid  state  lasers  exhibit 
a  temporal  behavior  of  the  output  power  which  is  completely  random 
Figure  1  shows  a  typical  trace  of  a  ruby  laser  where  the  time  scale 
on  the  abscissa  is  50  fisec/cms  It  is  thought  that  this  type  of  laser 
output  is  caused  by  the  many  electromagnetic  modes  existing  in  the 
laser  cavity.  According  to  Tang,  Statz,  and  de  Mars  (1),  multi- 
moding  in  solid  state  lasers  can  be  explained  as  due  to  slow  spatial 
cross -relaxation.  Figure  2  illustrates  this  thought.  Assume  that 
just  one  axial  mode  is  excited  with  nodal  planes  half  a  wavelength 
apart  parallel  to  the  mirrors.  The  induced  emission  produced  by 
this  standing  wave  is  zero  at  the  nodal  planes  and  maximum  in 
between.  Under  the  assumption  that  no  excitation  can  diffuse 
spatially,  one  obtains  an  inverted  population  that  has  a  maximum 
at  the  nodal  planes  and  minima  in  between.  This  inverted  population 
distribution  is  not  favorable  for  the  first  oscillating  mode  since  in 
such  places  where  the  electric  field  is  maximum  there  is  a  minimum 
density  of  inverted  states.  If  the  second  oscillating  mode  is  con¬ 
sidered  which  has  one  half-wavelength  more  between  the  mirrors, 
it  is  easily  recognized  that  the  distribution  of  excited  states  is  more 
favorable  to  this  mode.  In  the  middle  of  the  crystal  in  particular, 
the  maximum  of  the  electric  field  and  the  maximum  in  the  density 
of  excited  states  coincide.  This  mode  will  thus  have  more  gain 
than  the  one  already  oscillating  and,  therefore,  will  also  go  into 
oscillation.  The  above  arguments  can  be  continued  for  a  third, 
fourth,  etc. ,  mode  and  thus  multi-moding  in  solid  state  lasers  can 
be  explained. 
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Tang*  Stata,  and  de  Mara  have  further  shown  that  multi > 
moding  caused  by  the  described  nonuniform  spatial  distribution  in 
the  Inverted  population  can  be  avoided  by  using  a  traveling  wave 
laser.  Traveling  waves  de«excite  the  chromium  ions  in  a  spatially 
uniform  maxmer  precluding  the  simultaneous  existence  of  many 
sxial  modes.  In  addition,  single  mode  operation  is  expected  to 
result  in  a  regular  spike  pattern  with  exponential  decay,  a  fact 
which  has  been  experimentally  verified  by  Tang.  State,  and 
de  Mars  (1). 

PURPOSE  OF  INVESTIGATION  AND  INSTRUMENTATION 

It  was  thought  that  an  effect  similar  to  that  caused  by  the 
traveling  wave  laser  may  be  obtained  if  at  least  one  reflector  of 
the  Fabry-Perot  cavity  is  vibrated  with  sufficient  amplitude  and 
frequency.  This  measure  could  at  least  partially  smear  out  a 
nonuniform  distribution  of  excited  states.  To  prove  this  out. 
experiments  have  been  performed  with  a  ruby  laser  with  detached 
reflectors.  Figure  3  shows  the  arrangement  of  the  entire  apparatus. 
The  ruby  rod  was  held  between  two  brass  sleeves  and  was  pumped 
by  a  Cmeral  Electric  FT  524  helical  flash  lamp.  One  reflector 
was  a  stationary  dielectric  mirror  with  a  reflectivity  of  0.  99.  the 
other  reflector  provided  the  frequency  sweeping  mechanism;  it 
consisted  of  an  X-cut  quarts  vibrator.  It  was  held  at  its  circum¬ 
ference  at  three  points  and  its  silver  coating  served  as  electrode 
and  mirror,  with  a  reflectivity  of  0.  95,  Vibrators  with  a  resonance 
frequency  of  1.  2,  or  3  me  were  used.  They  had  a  diameter  of 
36  mm  and  were  driven  in  a  thickness  extensional  mode  of  vibration. 
A  solar  cell  with  a  parallel  resistor  to  increase  its  frequency  range, 
in  combination  with  an  oscilloscope,  was  used  to  record  the  power 
output  of  the  last  r.  The  total  energy  output  of  the  laser  was  meas¬ 
ured  by  observing  the  loss  of  charge  of  a  capacitor  through  a  photo¬ 
tube  illuminated  by  the  laser  beam,  as  described  by  Schiel  (2) 

FIRST  RESULTS,  DETERMINATION  OF  VIBRATOR 
AMPLITUDE 

Figure  4  displays  a  recording  of  the  laser  output  with  the 
mirror  stationary,  lower  trace,  and  the  mirror  vibrating,  upper 
trace.  It  can  be  seen  that  a  regular  spike  pattern  with  expc  nential 
decay  appears  when  the  mirror  is  vibrating.  These  results  are 
typical  for  many  measurements  of  the  spike  structure  which  were 
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mAdtt  «•  •  lunctlon  ol  lr«qu«Acy  aad  ftn»jplituiS«  of  th«  TibraUng 
mirror*  pumping  pow«r*  and  i^tallgnmaitt  of  th«  dielectric  mirro 
The  amplitude  of  vibration  vrae  determined  from  the  known  propei 
ties  of  ^e  vibrator  and  the  applied  HF  current.  Since  the  cryatai 
wae  alwaye  driven  at  ita  aeriea  reatmanre  frequency,  a  aimple 
relationahip  between  the  amplitude  v  and  the  current  C  through 
the  cryatal  holda  (3),  (4): 


where:  the  dielectric  permittivity  at  conatant  atrain, 

e  the  pieaoelectric  atreaa  conatant, 

Co  the  atatic  capacitance,  and 
4  the  current  through  the  cryatal. 

For  the  X-cut  uaed,  the  value  for^^  la  4,5*  8.S54*  10 ~^^far«i  meter 
and  e  ia  0.173  coulomb  meter"^.  The  factor-^  accounta  for  a 

ainuaoidal  diatribution  of  the  amplitude  over  the  aurface  of  the 
cryatal  which  can  be  aaaumed  to  be  preaent  due  to  the  boundary 
cenditiona  employed  (5). 

EXPLANATION  OF  REGULAR  SPIKING 

Regvilar  aplking  waa  obaervable  with  an  amplitude  aa 
amall  aa  .  08  microna  equal  approximately  to  1/10  of  the  ruby 
wavelength.  Since  thia  very  amall  diaplacement  will  probably  not 
be  aufficient  to  cauae  any  change  in  the  axial  diatribution  of  excited 
atatea,  unlike  the  experiment  with  a  moving  ruby  rod  recuntly 
reported  (6),  the  following  e^qilanation  for  the  reported  obaervation 
ia  aug<veated.  The  quarts  cryatal  repreaenta,  during  one  period  of 
vibration,  a  plane,  convex  and  concave  mirror  and  thua,  according 
to  detailed  theoretical  calculations  by  Fox  and  Li,  changes  the 
losses  foi  the  oscillating  modes  in  fast  sequence  (7).  Since  the 
losses  are  connected  with  the  spot  size  on  the  mirrors,  it  ia  con¬ 
cluded  that  a  rapid  change  of  the  spot  size  and  with  it  the  diameter 
of  the  oscillating  modes  ia  the  cauae  for  a  smoothing-out  process 
of  nonuniform  spatial  distributions  in  the  inverted  population  of 
the  off-axis  modes  mainly.  Obviously,  if  the  amplitude  of  vibru- 
tion  attains  greater  values,  axial  modes  will  also  be  affected. 
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Pure  optical  effects  due  to  the  curvature  of  the  vibrating 
mirrors  are  not  siifficient  to  explain  the  regular  spiking.  The  use 
of  bimorph  ceramic  bender  which  did  not  vibrate  but  permitted  the 
change  of  the  radius  of  curvature  of  the  mirror  xmder  static  con¬ 
ditions  from  ?0  m  to  infinity  did  not  effect  any  change  in  the  irregu¬ 
lar  spike  output. 

PROPERTIES  OF  SPIKE  PATTERN  AS  FUNCTION  OF 
PUMP  POWER 

Figure  5  shows  a  plot  of  the  decay  time  T^  and  the  spike 
distance  T^  of  the  regxilar  spike  pattern  of  a  vibranng  mirror  laser 
as  a  function  of  the  normalized  pump  power.  The  solid  curves  ai-e 
obtained  from  a  modified  (to  account  for  the  ruby  three-level  systen^ 
Stata-de  Mars  theory  pertaining  to  single  axial  mode  operation  (8). 
This  theory  is  contained  in  two  differential  equations  which  connect 
the  time  derivatives  of  the  population  inversion  and  of  the  number 
of  stimulated  emission  photons  with  physical  and  geometrical  prop¬ 
erties  of  the  laser.  The  linearized  solution  of  the  two  equations 
results  in  an  expression  for  the  number  of  stimulated  emission 
photons  which  in  turn  leads  to  the  equations  represented  by  the  two 
curves  for  T^  and  T^.  taking  into  account  the  difference  in  the 
volume  of  cavity  and  active  medium: 


Td  =  2r  ^  k/^  c  ^N^L,(W/Wt-l)J 


(2) 

(3) 


where:  k  =  4.^  /c^ 

=  width  of  fluorescent  line  -  300  CC 
=  lifetime  of  metastable  state  =  3*10"^  sec 
^  =  loss  rate  per  pass  =  0.  03 

(reflectivity  of  the  mirrors  0,95  and0,99»  respectively) 
N  =  No.  of  active  ions  per  cc  =  2.  5»10^^ 

Lp  =  length  of  ruby  =  3.  3  cm 
Lc  =  length  of  cavity  =  51  cm 
W/Wj=  Pump  power/ Threshold  pump  power 


Considering  the  various  uncertainties  in  the  experiments 

such  as  the  influence  of  the  imperfections  of  the  ruby  crystals,  the 

time  variation  of  the  pump  light,  or  the  active  volume  of  the  cavity, 

the  agreement  between  theory  and  experiment  must  be  considered 
very  ^ooo. 
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INFLUENCE  OF  MSALICNMENT  AN  J  PUMP  ENERGY 
ON  ENERGY  OUTPUT 

All  the  previous  mcMurements  were  performed  with  the 
two  mirrors  aligned  for  parallelism  (without  the  ruby  inserted). 
Sirce  optical  inhomogeneities  of  the  ruby  may  offset  the  parallel 
alignment  of  the  mirrors,  measurements  of  the  spike  pattern  and 
the  output  energy  were  performed  with,  deliberate  misalignment 
of  the  dielectric  mirror  within  an  arbitrarily  chosen  plane. 

Figure  6  shows  the  result.  The  optimum  energy  output  occurs  at 
410*  naisalignment.  The  spike  structure  was  always  irregular  in 
the  case  of  the  stationary  mirror.  In  the  case  of  the  noirror 
vibrating,  the  decay  was  not  con^etely  exponential  from  approxi- 
nuitely  0  to  420  minutes  of  arc.  Outside  of  this  region,  con^detely 
exponential  decay  of  Ihe  spike  train  was  obtained.  However,  equi¬ 
distance  of  the  spikes  was  always  observed  in  the  case  of  the 
vibrating  mirror.  It  is  to  be  noted  that  an  energy  increase  of  37% 
was  obtained  by  vibrating  the  mirror. 

Figure  7  which  displays  the  output  energy  and  the  output 
energy  increase  as  a  function  of  the  pump  energy,  reveals  an  even 
higher  energy  increase  almost  up  to  100%  due  to  the  vibrating 
mirror.  Agam,  in  the  case  of  the  stationary  mirror,  the  spiking 
remains  completely  irregular  from  threshold  to  the  highest  pump 
energy  applied.  In  the  case  of  the  vibrating  mirror,  the  spiking  is 
regular  up  to  a  pump  energy  of  2200  Joules.  Above  this  value,  the 
decay  shows  some  irregularities  which,  however,  are  not  compa¬ 
rable  with  the  completely  random  spiking  obtained  with  the  stationary 
mirror.  The  dependence  of  the  character  of  the  spike  train  and  of 
the  output  energy  from  the  amplitude  of  vibration  of  the  mirror  is 
less  pronounced;  At  a  certain  threshold  displacement  (approxi¬ 
mately  .  08  microns  as  mentioned  previously  in  the  paper)  regular 
spiking  occurs  and  the  character  of  the  spiking  and  the  energy  outpvt 
is  not  influenced  much  more  by  the  vibrational  amplitude. 

CONCLUSIONS 

Considering  all  the  observations  of  the  character  of  the 
temporal  output  of  the  ruby  laser  and  of  the  energy  output  influenced 
by  the  vibrating  mirror,  the  following  conclusions  can  possibly  be 
drawn:  The  Statz-de  Mars  theory  quoted  previously  is  based  on  the 
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aaaumpticn  of  the  exiatenca  of  a  aingle  mode  in  the  cavity  and 
predicta  equally  apaced  apikea  with  exponential  decay.  It  would 
aeemf  therefore,  that  the  vibrating  mirror  providea  a  means  for 
obtaining  single  mode  operation  in  a  solid  state  laser.  Recent 
results,  however,  show  that  regvilar  spike  patterns  do  not  neces¬ 
sarily  indicate  single-mode  operation  (9).  But  in  the  referenced 
case,  the  spiking  is  completely  random  at  lower  pumping  levels 
and  attains  regularity  at  high  ptimping  levels,  whereas  in  this  case 
the  opposite  is  true.  As  described  in  the  discussion  of  the  results 
shown  in  Figure  7,  spiking  is  completely  regular  at  lower  pumping 
levels  and  loses  some  of  its  regularity  at  higher  levels.  This  fits 
very  well  into  the  single-mode  picture,  since  higher  pumping  energy 
causes  the  appearance  of  more  modes  in  the  cavity,  a  fact  which 
distorts  the  clean  exponential  decay  of  the  spike  train.  In  line  with 
this  picture,  the  following  explanation  for  the  surprising  energy 
increase  caused  by  the  vibrating  mirror  is  proposed:  As  is 
known  (7),  the  dominant  axial  mode  has  the  lowest  losses  in  the 
Fabry-Perot  cavity,  and  higher  order  longitudinal  and  transverse 
modes  have  increasing  losses.  If,  therefore,  higher  order  modes 
are  suppressed  by  the  vibrating  mirror,  more  energy  will  be  dvznped 
into  the  low-loss  dominant  mode  and,  consequently,  the  efficiency 
of  the  laser  will  increase. 

The  authors  wish  to  thank  Drs.  G.  J.  Goubau  and  H.  Jacobs, 
and  Mr.  F.  A.  Brand  of  these  Laboratories  for  helpful  discussions 
and  also  Mr.  E.  Elder  for  his  assistance  in  taking  measurements. 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Figure  6 


Figure  7 


FIGURE  CAPTIONS 

Temporal  behavior  of  the  output  of  a  ruby  laser* 

The  time  scale  on  the  abscissa  is  SO  psec/cm. 

The  ordinate  shows  the  power  in  arbitrary  units. 

Diagram  showing  the  field  distribution  for  the  first 
and  second  unstable  longitudinal  modes  and  inverted 
population  density  for  the  case  in  V'hich  only  the  first 
mode  oscillates.  (Courtesy  of  Dr.  H.  Statz). 

Experimental  apparatus.  The  distance  of  thf* 
mirrors  was  variable  between  400  and  550  mm;  .ne 
length  of  the  two  ruby  crystals  employed  33  and 
70  mm*  their  optical  axis  was  parallel  to  the  axis  of 
the  rod. 

Temporal  output  of  a  ruby  laser.  Lower  trace: 
mirror  stationary.  Upper  trace:  mirror  vibrating 
with  0. 135  micron  amplitude.  Frequency:  3  me. 
Abscissa:  ZO^usec/cm.  Ordinate:  power  in  arbitrary 
\uiits.  Pump  energy:  1,5  times  threshold.  =  4^6xm\ 
Lj  =  70  mm. 

Spike  distance  and  decay  of  spike  envelope  as  a  function 
of  the  ratio  pump  power/threshold  pump  power.  Ampli¬ 
tude  of  vibrating  mirror;  0.  25  micron.  Frequency: 

1  me.  Li  =  510  mm*  L  =33  mm, 
c  r 

Output  energy  as  a  function  of  misalignment  of 
dielectric  mirror  for  stationary  and  vibrating  quartz 
mirror.  Pump  energy:  2450  Joules  equal  to  1.  35 
times  threshold.  Amplitude  of  vibrating  mirror: 

0.  17  microns.  Frequency:  1  me.  =  446  mm* 

=  70  mm. 

Output  energy  and  output  energy  increase  as  a  function 
of  pump  energy  for  stationary  and  vibrating  mirror* 
Amplitude  of  vibrating  mirror:  0.145  microns. 
Frequency:  3  me.  Misalignments  of  dielectric  mirror: 
+6'.  Lc  ®  ^46  mm*  L,  =  70  mm. 
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DlagruB  showing  the  field  distribution  for  the  flirst  and  second  unstable  longitudinal 
nodes  and  Inverted  propulatlon  density  for  the  ease  in  which  only  the  first  node  osoiUates 

(Courtesy  of  Dr.  K.  Stats) 
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Fig. 

Temporal  output  of  a  rubif  laaar.  Lower  trace i 
mirror  atationary.  Upper  trace:  mirror  rlbratlng 
with  0.135  micron  ampliWde.  Frequeocyi  3  me. 
Abaclaaat  20  psec/cm.  Ordlnatet  power  in 
arbitrary  onlta.  Puap  energy >  1.5  timea  threahold. 

L_  "  lil46  nm,  ■  70  mm. 

C  *  T 
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PUMP  POWER/THRESHOLOPUMP  POWER 


Fig.  5  Splk»  di«t4no«  and  daoajr  of  aplka  ooralopa  aa  a  funotioo  of 
the  ratio  pu^p  power/threshold  pu^;i  power.  Amplitude  of  rlbratlng 
airrort  0.25  aloroo.  Weqaenoyt  Ijk.  1^*510  mat,  1^*33  at. 
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PUMP  CrMePCY  (N  JOULES 


Flf  •  7  Output  mmrgy  and  dutput  energy  Increase  as  a  function  of 
puiv  energy  for  stationary  and  rlbratlng  airror*  Aiplltude  of  rlbratl  ^ 
nlj4*art  0,lii5  aiorons.  n^uenoyt  3  ao*  NiaallgaaeDts  of  dielectric 
Mirror t  ♦6*.  •  1*1*6  m,  •  70  Mt. 
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E7AP0RATI0N  OF  ORGANIC  COMPOUNDS 
FROM  METDAL  SURFACES  AT  HIGH  VACUUM 


H.  (KSSER  AND  S.  SADJIAN 

FRANKFORD  ARSENAL 
PHUADELPHIA,  PA. 


The  extensive  space  research  now  in  progress  has  led.  to  con- 
sid.erable  activity  in  materials  areas  required  for  successftil  space 
operation.  Ambient  pressures  encountered  in  space  range  from  approx¬ 
imately  10“^  Torr  at  125  miles  to  10"^  Torr  at  lUOO  miles,  pressures 
at  higher  eiltitudes  being  considerably  lower  (l).  There  is  a  dearth 
of  data  on  lubrication  in  high  vacuum  and  consequently  considerable 
work  is  being  done  in  this  area.  In  the  interaction  of  high  vacuum 
with  lubrication,  two  factors  must  be  considered  (for  fluids  or 
semi -fluids  lubricants).  First,  a  lubricant  film  may  evaporate 
from  the  metal  surface  at  the  low  pressure  and  second,  the  absence 
of  atmospheric  gases  may  make  unavailable  those  chemical  reactions 
on  which  surface  active  additives  depend  in  order  to  reduce  friction 
or  support  heavy  loads.  Severeil  investigators  measured  evaporation 
rates  of  oils  and  greases  of  low  volatility  in  vacuum  as  a  guide  to 
establishing  relative  merit  for  space  \ise  (2,3)*  Snpirical  studies 
were  conduced  on  the  lubrication  of  high  speed  belli  bearings  at 
10“5  to  10“°  Torr  with  petroleum  base,  silicone  base,  and  ester  base 
oils  and  greases  of  low  volatility  euid  successfif].  opere.tion  was  ob¬ 
tained  for  several  thousand  hours  (2,4). 

It  is  apparent  that  vapor  pressure  alone  is  an  inadequate 
index  of  availability  of  a  ccii5)ound  for  lubrication  at  extreme  low 
pressures.  It  has  been  established  by  a  number  of  investigators 
that  the  coefficient  of  friction  in  the  presence  of  a  single  mole- 
cvileur  layer  is  the  same  as  that  of  many  layers  (5, 6, 7^8).  (Of  course, 
the  availability  of  a  reservoir  of  matei'icl.  pro-^^des  for  continued 
availability  of  monolayers  during  continuous  rubbing).  It  is  to  be 
expected  that  evaporation  of  the  last  monolayer  would  not  be  subject 
to  the  same  physical  laws  that  evaporation  of  the  bulk  of  a  ccoqpound 
is  subject  to.  Considerable  work  has  been  done  on  the  adsorption 
of  monolayers  of  polar  organic  ccoqjounds  on  metal  surfaces,  and 
there  is  considerable  evidence  for  conroound  formation  (9,10),  in 
some  instances  and  in  general  where  adsorption  energy  is  in  the 
nei^borhood  of  the  chemisoiption  range.  Lubrication,  l.e.,  friction 
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reduction  and  load  rarrylng  capacity^  is  presumed  to  be  provided  by 
the  chemisorbed  layers  or  compounds  formed.  It  has  also  been  shown 
that  a  single  monolayer  mey  have  considerable  durability  (6,ll).  It 
follows  that  the  effects  of  evaporation  of  lubricemts  on  lubrication 
Bust  be  considered  In  the  ll^t  of  evaporation  of  the  last  monolayer. 
Oils  Is  further  borne  out  by  a  number  of  empirical  studies  In  which 
It  was  shown  that  the  performance  of  lubricants  in  high  vacuum  was 
considerably  better  than  that  er^iected  from  the  bulk  evaporation  rate 
(12). 

Friction  reduction  by  monolayers  applies  to  non-polar  com¬ 
pounds  (hydrocarbons  of  sufficient  chain  length)  as  well  as  to  polar 
compounds.  Further,  although  the  adsorption  energies  of  non-polar 
compounds  on  metal  surfaces  are  not  In  the  chemisorption  range,  it  Is 
to  be  expected  that  non-polar  compoionds  would  be  adsorbed  on  metal 
surfaces  by  van  der  Voale  forces  and  here  too  one  would  expect  that 
vapor  pressure  would  not  reflect  removal  of  the  lost  monolayer.  Thus 
even  with  petroleum  lubricants  better  behavior  in  high  vacuum  lubri¬ 
cation  Is  to  be  expected  than  that  predicted  from  volatility  alone. 
Indeed  the  estplrlcal  work  published  and  unpublished  in  this  area  Indi¬ 
cates  that  In  generstl  with  both  polar  and  non-polar  lubricants,  better 
lubrication  is  being  achieved  in  high  vacuum  than  Is  to  be  expected 
on  the  basis  of  evaporation  rate  data  alone. 

The  foregoing  consideration  led  to  our  investigation  of  the 
evB^poration  of  the  last  monolayers  of  hydrocarbons  from  metal  sur¬ 
faces.  Study  of  the  adsorption  of  non-polar  compounds  on  metal  sur¬ 
faces  has  been  essentially  limited  to  gases.  Similsurly,  lltv  h  work 
has  been  done  on  the  coefficient  of  friction  of  metal  surfaces  t^^ated 
with  less  than  a  close  packed  monomolecular  layer.  (Recent  work  on 
the  adsorption  of  low  molecular  weight  cotnpounds  In  the  vapor  phase 
showed  that  coefficient  of  friction  decreased  to  a  minimum  with  In- 
creMlng  aioount  adsorbed  as  the  monomolecular  layer  was  reached  {l3))> 
We  therefore  decided  to  study  the  removal  of  the  last  monolaj^r  of 
non-polar  hydrocarbon  on  metal  surfaces,  using  coefficient  of  friction 
measurement  as  an  Inaicatlon  of  amount  of  material  remaining.  This 
paper  is  a  preliminary  report  of  the  finding  in  this  work  auid  Is  con¬ 
cerned  primarily  with  the  experimental  techniques,  establishment  of 
data  on  coefficient  of  friction  of  surfaces  that  are  Incospletely 
covered  with  friction  reducing  films,  and  relationship  of  pressure  to 
fraction  of  monolayer  remaining  on  metal  surfaces.  Data  were  obtained 
on  both  polar  and  non-polar  compounds  and  bear  out  the  conclusions 
that  ere  to  be  expected  :ii*am  earlier  work. 

EXFERZtOSNTAL 

Katerlals .  n-Dodecane,  n-hexadecane  (ASTM  grade),  and  n-octadecane 
were  Huznphrey  Wilkinson,  high  purity  grade.  n-Dodecylamlne  and 
dodecanol-1  were  Eeuitman  Kodak  White  Label.  These  ccnpovinds  were 
fractionated  under  reduced  pressure  through  a  in.  column  filled 
with  glass  helices  with  a  1^:1  reflux  ratio.  The  compounds  were  col¬ 
lected  at  the  following  temperatures  and  pressures:  n-octadecane. 
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150-150. 5*C.,  3.3  am*;  n-hexadecmncj  120.4*0.,  2.3  m.;  n-dodec«une, 
73-74*0.,  3.0  »«•;  n-dodecylamine,  93*5*0.,  1.8  m.;  dodecanol-1, 
105.5*0.,  1.5  am.  To  remove  surface  active  lapurlties,  the  hydro¬ 
carbons  vere  passed  through  a  12  in.  adsorption  column  filled  with 
4  in.  sections  of  activated  FLorlsll,  alumina,  and  Hiller's  earth 
(top  to  bottom).  Octadecanol-1,  Eastman  White  Label,  was  used  vith- 
out  further  purlficaticm.  Benzene  was  ACS  grade  and  was  passed 
through  the  Florlsll,  alumina,  and  Fuller's  earth  column  to  remove 
surface  active  Impurities. 

Friction  Measurements.  Friction  meMurenents  were  run  with  52100 
steel  riders  on  1020  steel.  Steel  disks  (1-1/8  In.  dla.  x  1/4  in. 
thick)  were  ground  to  a  su’^Tace  finish  of  8-10  mlcroinchea  rms.  A 
final  surface  finish  of  3-5  microinches  rms  (Profllometer  measurements) 
were  obtained  by  hand  polishing  with  progressively  finer  emery  cloth 
(2/0,  3/0,  4/0).  Disks  were  degreased  in  hot  benzene  Insaediately 
after  abrasion  and  again  degreased  in  a  Soxhlet  extractor  with  ben¬ 
zene.  Disks  were  then  stored  in  a  desiccator  at  25*  t  1*0.,  20^  R.H. 
for  24  hours  prior  to  use.  fflie  riders  used  were  52100  steel  balls 
(1/8  In.  radius).  The  balls  vere  washed  In  hot  benzene  emd  again  de- 
greeused  In  a  Soxhlet  extractor  prior  to  use. 

Friction  measurements  were  made  at  room  tenp<erature  using  a 
modified  Bowden-Leben  type  apparatus (l4),  Bonnal  and  friction  forces 
between  the  rider  and  disk  were  measured  by  2  sets  of  four  strain 
gages  mounted  on  a  24ST  aluminum  ring.  All  measurements  vere  made  on 
new  areas  (disk  and  rider).  Measurements  vere  made  with  a  lOOg  load 
at  a  sliding  speed  of  2*4  cm/min.  Bach  result  reported  was  the  aver¬ 
age  of  at  least  3  separate  traverses. 

Deposition  of  Material.  The  hydrocarbons  wej  ->  deposited  on  the  metal 
surface  as  a  thick  layer  (excess)  or  as  a  monomolecular  layer  from 
benzene.  When  deposited  as  a  thick  layer,  O.O5  ml  of  the  material 
was  pipetted  onto  the  surface  of  the  disk  and  allowed  to  spread  until 
the  surface  was  completely  covered.  Excess  material  was  allowed  to 
drain  off  for  5  minutes.  When  a  monomolecular  layer  was  deposited 
from  benzene,  the  concentration  of  the  solution  was  such  that  a  mono¬ 
molecular  layer  of  the  compound  remained  when  0.5  ml  of  the  solution 
was  pipetted  onto  the  surface  of  the  disk  and  the  solvent  permitted 
to  evaporate. 

Polar  compounds  vere  deposited  as  a  condensed  monolayer  ad¬ 
sorbed  on  the  steel  disk  by  the  retraction  method  using  a  melt  of  the 
compound  (15)* 

Evaporation.  The  evaporation  chamber  was  a  3  In.  diameter  glaisB  tube 
approximately  7  in.  long  attached  to  a  hot  cathode  ionization  gage. 

A  glass  tube  (end  closed)  of  approximately  1  in.  8quaz*e  section,  3  in. 
long  was  mounted  Inside  the  evaporation  chamber  and  attached  to  a 
small  Dewar  mounted  outside  and  on  top  of  the  evaporatlcm  chamber. 

A  sheet  of  ozygen-free  high  conductivity  copper  was  shaped  Into  a 
square  section  tube  and  placed  around  the  glass  tube  with  a  close  fit. 
By  filling  the  glass  tube  with  liquid  nitrogen  through  the  externally 
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mounted  Dcfwar,  a  cold  copper  surface  was  nalntalned  parallel  to  and 
approximately  1  cm  above  the  teat  surface.  New  (out  gassed)  copper 
■hetts  were  used  for  each  determination.  !I5ie  purpose  of  the  liquid 
nitrogen  cooled  surface  was  to  prevent  redeposltlon  of  organic  com¬ 
pounds  on  the  test  surface  after  evaporation  (and  to  condense  any  oil 
which  back  migrated  from  the  diffusion  pump).  At  a  suitable  level 
below  the  liquid  nitrogen  well  was  placed  a  copper  platform  (on  which 
the  test  disks  were  placed).  A  cylindrical  heater  ^100  watt,  con¬ 
nected  through  a  variable  transformer)  was  close  fitted  into  the  thick 
section  of  the  copper  platform.  A  section  of  the  evaporation  chamber 
is  shown  in  figure  1.  A  hole  for  use  as  a  thermocouple  well  was 
machined  in  a  disk  parallel  to  and  approximately  l/l6  in.  (surface  to 
edge)  below  the  surface.  A  disk  so  prepared  was  used  uncoated  (see 
later)  in  each  experiment.  Heater  and  thermocouple  leswis  were  brought 
out  through  the  wsill  of  the  vacuum  chaoiber  in  a  conventional  way. 

Two  pumping  systems  were  attached  to  the  evaporation  chamber.  A 
rough  system  which  cons^jted  of  a  mechanical  pump  and  liquid  nitrogen 
trap  and  valve  was  used  to  evaporate  excess  materlail  (where  this  was 
present)  from  the  test  surface.  When  this  was  completed,  the  rough 
vacuum  system  was  valved  off.  The  other  pumping  system  consisted  of 
a  2  In.  oil  diffusion  pump,  mechanical  fore  pump,  liquid  nitrogen 
trap,  valve  and  variable  leaX.  The  latter  was  fed  with  diy  nitrogen 
and  used  to  maintain  the  pressure  at  a  desired  level. 

The  coefficient  of  friction  (^il^)  of  a  conditioned  uncoated 
disk  was  measured  and  the  organic  compound  under  study  was  deposited 
onto  the  surface  of  the  disk  either  in  an  excess  or  as  a  monolayer 
and  was  again  measured.  The  coated  specimen  and  an  uncoated  speci¬ 
men  (with  measured  ujj,  referred  to  later  as  the  standard)  were 
placed  in  the  test  chwober,  a  thermocouple  being  placed  in  the  well 
of  the  uncoated  disk.  The  rough  system  was  tamed  on  emd  the  reser¬ 
voir  of  the  condensing  surface  was  filled  with  liquid  nitrogen.  IXir- 
ing  this  time  the  "clean"  vacuum  system  was  being  evacuated.  After 
1  hour  (visible  evidence  of  excess  material  disappeared  within  5-10 
minutes)  the  rough  system  was  valved  off  and  the  clean  system  en¬ 
gaged.  Test  specimens  were  kept  in  the  evaporation  chamber  for  a 
period  of  2  hours  at  the  designated  pressure  and  temperature.  Tevsp- 
erature  at  the  test  surface  during  the  test  for  room  temperature  runs 
was  25®  ±  1®C.  For  experiments  at  elevated  temperature,  heating  was 
started  when  the  pressure  reached  approximately  1  x  10"5  Torr  (clean 
vacuum  system  on).  Temperature  was  maintained  to  ±  1®C.  Specimens 
were  then  removed  from  the  test  chamber,  kept  in  a  desiccator  over 
anhydrous  calcium  sulfate  for  one  hour  and  Uk  measured  on  both  disks. 
The  coefficient  of  friction  of  the  uncoated  disk  was  always  within 
0.01  of  its  original  value,  in  runs  at  room  tenperature  with  hydro¬ 
carbons  indicating  that  there  was  no  deposition  of  organic  material 
originating  from  the  pumping  system  or  othe.'  source  onto  the  steel 
surface  during  an  experiment.  In  runs  with  the  polar  conpounds, 
there  was  alvays  some  decrease  in  coefficient  of  friction  of  the 
oncoated  disk  (values  are  in  the  data  tables).  In  experiments  in 
which  uncoated  disks  were  heated  in  the  vacuvtm  chamber  without  a 
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coated  disk  being  present^  the  coefficient  of  friction  did  not  chauige 
more  than  0.01,  Indicating  that  during  the  evapomtloii  experiments > 
some  contamination  of  the  uncoated  disk  occurred,  ^le  extent  of  con¬ 
tamination  was  lovr  and  estimates  (using  the  surface  calibration  data) 
vlU  be  given  later. 


RESUM5  AND  DISCUSSION 

Tbe  coefficient  of  friction  data  obtained  on  the  hydro¬ 
carbons  in  evapoirtlan  e^^riments  at  2^*C.  sure  shown  in  IKble  X 
together  with  vapor  pressures  (from  the  literature).  Evidently  the 
bulk  of  miiterial  is  removed  at  relatively  high  presBures,  While  re¬ 
moval  of  the  Isust  monolayer  starts  at  relatively  high  pressures^  the 
hydrocsurbon  is  still  present  on  the  surface  at  relatively  lew  pres¬ 
sures.  IDius^  the  coefficients  of  friction  of  these  surfaces  lie  in 
between  that  of  the  uncoated  surface  and  that  of  the  surface  coated 
with  a  conQ>lete  monolayer.  To  determine  the  signlficsince  of  these 
values  disks  were  coated  with  fractlcxial  monolayers  of  hexadecane 
and  octadecane  and  coefficient  of  friction  determined  as  a  function 
of  a  monolayer  present,  quantities  of  material  used  were  beused 

on  the  assumption  that  the  surface  was  perfectly  flat  and  the  ex- 
presalon  "fraction  of  a  monolayer"  xised  means  fraction  of  amount  of 
material  required  for  one  monouolecular  layer  assuming  a  perfectly 
flat  surface.  The  quantities  of  material  required  for  the  theoretl- 
c8l1  BKSiolayers  were  calculated  from  data  in  the  literature  (l6).  !lhe 
material  was  deposited  on  the  conditioned  surface  from  benzene  solu¬ 
tion.  The  data  au?e  shown  in  figure  2.  (Plots  relating  coefficient 
of  friction  to  fraction  of  surface  covered  with  organic  compound  will 
be  referred  to  as  surface  callbrstlon  curves).  These  data  were  used 
to  calculate  the  fraction  of  a  monolayer  remaining  in  the  evaporation 
studies  and  the  results  au*e  shown  in  figure  3*  It  is  evident  that  the 
last  layer  of  dodeoane  is  removed  at  7  x  10"3  Torr  or  higher,  while 
with  hexadecane  and  octadecane,  the  last  layers  have  not  been  com¬ 
pletely  removed  at  5  x  10*^  Torr. 

Evaporation  experiments  on  dodecanol-1,  n-dodecylamlne  and 
octadecanol-l  at  2^°0.  indloated  that  substantially  none  of  the  last 
monolayer  was  removed  at  pressures  in  the  nei^borhood  of  10”®  Torr. 
Experl^nts  on  dodecanol-1  and  n-dodecylamlne  were  therefore  run  at 
elevated  temperatures.  It  was  found  (Table  II )  tiiat  at  2-5  x  10*^ 
Torr,  the  last  monolayer  was  progressively  retaorsd  as  the  temperature 
Increased.  Removal  is  not  complete  at  80'’C.,  however.  Surface  cali¬ 
bration  curves  were  prepared  (Figure  4)  for  fractional  monolayers  of 
dodecanol-1  and  n-dodecylamine  using  a  procedure  similar  to  that 
described  earlier  for  the  hydrocarbons.  The  data  were  used  to  cal*- 
culate  the  fraction  of  a  monolayer  of  the  polar  compound  remaining 
in  the  evaporation  experiments  and  the  results  are  in  figure  5. 
eShanges  in  coefficient  of  friction  on  the  standard  disks  (Table  tt) 
Indicate  minor  contamination.  From  the  surface  calibration  data  of 
figure  4  it  may  be  estimated  that  the  contamination  of  the  standard 
surfaces  was  approximately  l/lOO  monolayer,  except  with  dodecanol  at 


aiSSK  AID)  SADJIAN 


DABLE  X*  l(Viu>orfttlon  of  Hydrocau:*l>CTis  at  £5*C» 
Ooefficlent  of  ft-lctlon  on  1020  Steel 
with  52100  Steel  Rider 


Hydrocarbon 

Uheoated 

Before 

Vacuum 

Exposure 

Pressure 

(Torr) 

After 

Vacuum 

Exposure 

n-Octadeesme 

(v.p.  -  9.4  X  10 

0,31 

0.16 

6  X 

10 

••3 

0.18 

Torr  at  25*C.) 

0.31 

0.16 

5.5 

X 

10-^ 

0.23 

0.32 

0.16 

1.6 

X 

10“^ 

0.26 

n-Hexadecane  . 
(v.p.  -  9.9  X  lO’-^ 
Torr  at  25 “C.) 

0.31 

0.50 

0.16 

0.16 

1  X 

7  X 

10 

10 

-2 

-3 

0.25 

0.25 

0.31 

0.16 

3.3 

X 

10"^ 

0.27 

0.29 

0.13 

5  X 

10 

0.28 

n-Eodecane 

0.30 

0.17 

7  X 

10 

-3 

0.31 

(v.p,  s  0.27  Torr 
at  25 *0.) 


60”  In  'jrtilch  caae  the  atandard  vas  contananated  vlth  approxljoately 
1/60  ajooolayer. 

Oie  ease  of  removal  of  the  hydrocarhon  layers  in  contrast 
to  the  alcohols  and  the  amine  reflects  the  difference  in  energy  of 
adsorption.  Evidently  In  the  case  of  the  non-polar  compounds,  the 
adsorptlcxi  energies,  prohahly  in  van  der  VAulIs  range,  are  such  that 
the  last  lawyer  does  not  persist  completely  in  the  pressure  range  of 
these  e;3>eriments,  hut  the  amount  remaining  is  a  function  of  the 
pressure.  To  ascertain  whether  a  time  dependent  phenomenon  was  in¬ 
volved,  data  were  obtained  after  one,  two  and  three  hours  at  the«low 
pressures,  and  no  differences  in  the  coefficient  of  friction  were 
observed.  ISie  retention  by  the  surface  of  partial  monolayers  is  of 
significance  even  with  polar  compounds.  Althou^  it  has  been  shown 
that  only  one  complete  monolayer  is  chemisorbed,  further  layers  may 
be  adsorbed  with  van  der  Vliaals  energies  (17).  ^us  if  a  polar  com¬ 
pound  is  deposited  in  excess  one  would  expect  one  monolayer  to  be 
chemisorbed  and  further  material  to  be  physically  adsorbed.  Whether 
the  material  above  the  first  monolayer,  after  exposure  to  high  vacuum 
would  be  a  fraction  of  a  single  layer  or  several  layers  would  depend 


596 


enable  II.  Evapoi'ation  of  Polar  CompoundB  at  Elevated  Temperatures 
Coefficient  of  Priction  on  1020  Steel  with  52100 
Steel  Rider. 


GELSSER  AND  SADJIAN 


597 


Preceding  Page  Blank 


CeG-culated  from  the  Antoine  equation  (l9)» 


(USSER  AIQ)  SADJXAR 


on  the  negnltude  of  the  edeorptlon  energlee  Involved  in  addition  to 
the  experimental  condltlona.  niere  are  ineufflcient  data  available 
at  present  to  calculate  quantities  of  polar  ccmpounds  that  may  rCTaln 
at  specific  pressvires.  It  would  appear  however,  that  this  would 
depend  on  molecular  weight  of  the  ccmpouxxl  (or  its  chain  length)  euid 
pressure  in  addition  to  degree  of  polarity.  Ihe  polcu*  coepounds,  on 
heating  in  vacuo,  yield  fractional  monolayers  on  steel  surfaces,  ^s 
could  Indicate  that  at  the  temperatures  in  question,  the  forces  hold¬ 
ing  the  polar  molecules  to  the  surfaces  are  approxl^tely  the  same 
as  these  holding  the  non-polar  compounds  at  lower  temperatures.  It 
does  not  follow,  hcs»ever,  that  the  configuration  of  the  polar  com¬ 
pounds  in  less  than  a  monolayer  on  the  metal  surface  is  similar  to 
that  of  the  non-polar  compounds,  since  selective  adsorption  at  the 
polar  group  is  still  to  be  expe  ted. 

Ihe  distribution  of  compounds  in  less  than  a  single  mono** 
layer  is  of  Interest.  In  depositing  such  fractional  monolayers  from 
solvent,  there  exists  a  poeslhllity  of  non-unifonn  deposition  because 
evaporation  of  the  solvent  may  leave  Islands  of  material.  The  proba¬ 
bility  is  not  too  I'emote  that  the  entire  fractional  layer  may  consist 
of  a  series  of  islsutds  of  complete  monolayers  on  a  surface  free  frexn 
the  ccopound  in  question.  In  this  case,  the  term  fraction  of  a  mono- 
layer  msy  well  mean  fraction  of  the  surface  coated  with  islands  of 
complete  monolayer.  To  some  extent  the  experimental  data  indicate 
the  limit  of  size  of  these  Islands  if  they  do  exist.  The  coefficient 
of  friction  measurements  were  run  r.t  a  rubbing  speed  of  approximately 
0.04  cm/sec.  and  apparatus  response  time  was  probably  less  than  0.01 
sec.  so  that  the  length  of  travel  to  which  the  instrument  responds, 
assuming  point  contact,  is  0*0004  cm.  Hevever,  the  calculated  dia¬ 
meter  of  the  contact  area  was  O.OO3  cm.,  from  which  it  follows  that 
an  island  greater  than  O.OO3  cm.  dia.  would  be  reflected  in  the  fric¬ 
tion  measurements  (assuming  a  flat  surface,  or  average  over  many 
asperities).  Ibe  variation  in  coefficient  of  friction  measurements 
with  fractional  monolayers  deposited  from  solvent  was  ±  0,01^  for 
the  non-polar  compounds  and  ±  0.02  for  the  polar  conQ>ound8  within  a 
single  trace,  which  would  Indicate  the  absence  of  microscopic  Islands 
within  the  limits  Indicated.  However,  in  general,  a  greater  variation 
of  ..esvilts  was  observed  with  surfaces  coated  with  fractional  mono¬ 
layers  from  solvent  than  those  observed  after  evaporation  at  low 
pressure.  It  Is  reasonable  to  conclude  that  the  observed  coefficient 
of  friction  is  the  result  of  averaging  by  the  apparatus  over  the  non- 
unlfomitlas  of  surface  concentration  of  compound  and  also  that  there 
Is  a  degree  of  non-uniformity  greater  when  material  is  deposited  from 
solvent  than  that  obtained  when  the  material  la  evaporated  from  a 
siirface  at  low  pressure.  The  noc-unlfomltles  msy  Indeed  be  Islands 
of  condensed  monolayers  in  a  sea  of  xincoated  surface,  however,  this 
does  not  Influence  the  use  of  the  data  for  estimating  surface  coverage 
by  coefficient  of  friction  measurwoent  because  of  the  averaging  prop¬ 
erty  of  the  apparatus.  In  measurements  on  the  partial  layers  re¬ 
maining  after  evaporation,  the  friction  vai'latlon  within  a  single 
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trace  vaa  soeiewtiat  greater  than  that  obtained  vlth  either  coaplete 
monoa.ayera,  excess  material,  or  clean  surfaces.  The  precise  reason 
for  this  Is  obscure.  Although  It  may  be  related  to  the  uniformity 
of  material  remaining  on  the  surface,  no  Information  Is  available 
which  Indicates  that  this  may  be  the  case.  As  the  amount  of  material 
on  the  meteil  surface  Is  progressively  reduced  below  a  complete  mono- 
layer,  It  Is  to  be  eiQiected  tliat  the  molecule  would  become  progres¬ 
sively  more  parallel  to  the  metal  surface  and  for  this  reason  signi¬ 
ficant  reduction  of  coefficient  of  friction  from  that  of  an  uncoated 
surface  would  pertain  even  at  very  small  fractions  of  a  monolayer. 

For  this  reeuion  one  would  not  expect  a  linear  relation  between  frac¬ 
tion  of  monolayer  remaining  and  change  In  coefficient  of  friction  and 
Indeed  no  such  llneeu:  relation  was  found.  Further  work  Is  necesssury 
however  tc  deteiulne  the  distribution  and  configuration  of  molecules 
of  fairly  long  chain  length  on  metal  surfaces.  It  has  been  observed 
earlier  (l8)  that  static  coefficient  of  friction  decreases  with  in¬ 
creasing  number  of  carbon  atoms,  and  that  this  reaches  a  minimum  at 
approximately  17-18  carbon  atoms.  The  data  on  fractional  molecular 
layers  supplements  the  earlier  observation  In  that  It  shows  that 
there  Is  a  distinct  decrease  In  kinetic  coefficient  of  friction  from 
hexadecane  to  octadecane  for  corresponding  fraction  of  the  surface 
covered  (fig.  2).  Further  study  of  fractional  layers  of  organic 
compounds  on  metal  surfaces  may  help  to  clarify  the  mechanism  of 
friction  reduction. 

Finally  a  discussion  of  the  nature  of  the  surface  on  which 
measurements  were  made  is  In  order.  The  metal  surfaces  before  coat¬ 
ing  vlth  the  organic  compound  contained  atmospheric  gases,  water 
vapor,  and  metal  oxide.  Conditioning  of  the  surface  before  use 
served  primarily  to  equilibrate  the  water  vapor  In  the  surface.  What 
Is  significant  here  Is  that  these  variables  had  no  effect  on  the 
capability  of  using  coefficient  of  friction  measurements  to  determine 
amount  of  organic  material  remaining  on  the  sui'face.  The  cleaned 
ateel  surface  after  conditioning  has  (ik  0.31-0.32.  After  evaporation 
of  benzene  (from  a  previously  conditioned  surface)  iHc  vu  0.31*  These 
data  Indicate  that  there  was  no  contribution  of  any  of  these  variables 
In  reducing  the  coefficient  of  friction  of  the  metal  surface  below 
that  of  the  conditioned  metal  surface  on  which  no  organic  compeunda 
were  deposited.  Qdie  major  effect  of  conditioning  was  to  Increase 
uniformity  in  measurements  from  disk  to  disk.  HMs  uniformity 
probably  resulted  both  from  the  more  uniform  and  reproducible  oxide 
layer  on  which  measurements  were  made,  than  would  have  been  the  case 
had  the  surfaces  not  been  condltloaed. 
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THE  EFFECT  OF  HTPEPTHERMIA 
ON  PROTEIN  TURNOVER  IN  INFECTION 


IRVING  GRAY,  COLONEL,  MSC 
and  PAUL  V.  HILDEBRANDT,  CAT  IAIN,  VC 
U.  S.  ARMY  MEDICAL  UNIT,  FORT  DETRICK,  MARYLAND 


The  general  interrelationship  between  infection  and 
nutrition  has  been  well  established  and  recent  reviews  have 
summarized  our  present  knowledge  (1-A) .  The  effect  of  infection  on 
nitrogen  metabolism  has  been  investigated  (5,6)  and  has  been  shown 
(7)  to  cause  a  shift  toward  negative  nitrogen  balance  in  virus 
infections  (8).  However,  despite  the  fact  that  fever  normally 
accompanies  infections,  little  has  been  done  to  deteirmine  the  rela¬ 
tive  contribution  of  the  hyperthermia  and  the  microorganism  to  the 
altered  protein  metabolism.  The  hypermetabolic  state  of  individuals 
during  febrile  periods  has  long  been  recognized  (9).  It  has  been 
shown  that  for  each  ®F  rise  in  body  temperature,  the  metabolic  rate 
increases  about  11,  above  basal  (9),  In  addition,  there  are  marked 
changes  in  electrolyte  and  carbohydrate  metabolism.  Protein  metab¬ 
olism  is  likewise  affected  primarily  toward  an  increased  breakdown 
of  body  protein  (10,11).  In  our  laboratories  preliminary  experi¬ 
ments  have  shown  that  rabbits  infected  with  Pasteurella  tularensis 
have  an  increased  uptake  of  methionine-S-35  during  the  early  course 
of  this  febrile  disease  (12).  Furthermore,  we  have  observed  and 
reported  a  marked  increase  in  protein  synthesis  in  a  cell-free 
system  derived  from  the  brains  of  mice  infected  with  the  virus  of 
Venezuelan  equine  encephalomyelitis  (VEE)  (13) .  In  the  studies  to 
be  reported  here,  we  have  tried  to  delineate  the  contribution  of 
the  hyperthermia  and  of  the  microorganism  to  the  observed  changes. 

To  this  end,  we  have  studied  protein  turnover  during  controlled 
fever  alone  as  well  as  during  virus  infection  plus  controlled  fever. 

MATERIALS  AND  METHODS 

Three  young  chimpanzees,  weighing  approximately  17  kilo¬ 
grams,  were  used.  Food  was  withheld  for  24  hours  prior  to  anes¬ 
thesia.  Each  chimpanzee  was  placed  under  light  surgical  anesthe..ia 
with  pentobarbital  sodium.  A  superficial  vein  of  an  arm  or  leg  was 
catheterized  with  polyethylene  tubing  for  the  administration  of 
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fluids,  anastheslc  agants,  or  tha  taking  of  blood  spaclMns.  A 
cathstsr  vas  insertod  to  collect  urine  eaaples  and  aeesure  urine 
output . 


When  the  animal  had  been  prepared.  It  weg  placed  L-etveea 
plastic  mats  through  which  thermostatically  controlled  water 
circulated.  A  rectal  thermiater  attached  to  the  water -regulating 
apparatus  (Goiuan-Rupp  Co.  K-Thermia)automatically  controlled  the 
teoqperature.  The  temperature  of  tha  chimpanaee  was  held  at  98-99*F 
as  control;  10S-106*F  as  hyperthermic.  The  experimental  period 
lasted  24  hours  from  the  time  the  temperature  of  tha  animal  reached 
and  stabilised  at  the  selected  temperature.  Normal  physiological 
saline  in  3X  glucose  was  administered  as  a  slow  drip  via  the 
intravenous  catheter.  Approximately  800  ml  were  administered  during 
periods  of  euthemia  and  1,000  ml  during  periods  of  hyperthermia. 

Following  aa(9  time  blood  and  urine  samples,  14  mg  of 
L-methionine-S^^  (Me-S^^) ,  containing  SOO  pc,  dissolved  in  2  ml 
Isotonic  NaCl  were  injected  intravenously  into  the  femoral  vein 
opposite  the  catheterised  limb.  Blood  samples  (5  ml)  were  collected 
in  vials  containing  potassium  oxalate  at  1,  2,  4,  8,  16  and  24  hours 
after  the  administratior  of  the  ntethionine.  Each  time  a  blood 
sample  was  dram,  the  urine  volusie  excreted  subsequent  to  the  pre¬ 
vious  sample  was  noted  and  a  portion  saved  for  radioactivity  assay 
and  routine  analysis. 

The  plasma  was  removed  from  the  blood  and  1  ml  was 
fractionated  into  globulin  and  albumin  fractions  by  the  method  of 
Pillimer'Nutchlson  (14).  The  soluble  albumin  was  precipitated  with 
trichloracetic  acid  (TCA).  Each  fraction  was  washed  with  5X  TCA 
and  dissolved  in  1  ml  of  0.5N  NaOH.  100  pi  of  each  fraction  were 
analysed  for  nitrogen  content  by  the  Biuret  method  (15). 

All  planchets  were  counted  in  a  gas  flow  counter  to  an 
error  of  less  than  JX.  The  appropriate  standard  of  the  injected 
Me-S^^  was  counted  and  data  reported  as  a  fraction  of  the  injected 
dose. 


Protein  turnover  was  followed  under  3  different  conditions 
in  each  animal.  The  first  was  at  98-99”F  (control).  The  second 
was  identical  to  the  first  except  that  the  rectal  temperature  was 
raised  to  106*^  (fever).  The  third  was  identical  to  the  second 
except  the  chimpansee  had  been  inoculated  with  10^  MlPU>5o's 
(mouse  in t rape ri tones 1  lethal  dose  30)  of  VEE  virus  24  hours  prior 
to  protein  turnover  studies.  In  chimpansees,  the  virus  of  VEE 
produced  its  initial  febrile  response  approximately  12  to  24  hours 
post  inoculation.  An  additional  1  ml  of  blood  was  drawn  at  each 
sampling  time  for  viremia  determinations. 
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RESULTS 

In  the  infected  enimelei  the  concentration  of  virus  in 
the  blood  was  MIPLD5q's  per  wl  when  protein  turnover  studies 

were  initiated.  Baseline  serology  Indicated  that  none  of  the 
chinqiansees  had  had  previous  experience  with  this  virus,  and  in  the 
Infected  animals,  aerology  following  the  experiment  indicated 
hemagglutination  inhibition  (HI)  and  complement  fixation  (CF)  titers 
as  summarised  in  Table  I. 


CHIMP  MO. 

HI 

CF 

1 

5,120 

128 

2 

<10,240 

512 

3 

^0,210 

256 

TABLE  I.  Hesiagglutination  Inhibition  (HI)  and  Complement 
Fixation  (CF)  Titers  in  the  Serum  of  Chimpansees 
Challenged  with  VEE. 

In  Figures  la,  b,  c  m  eee  the  marked  effect  on  protein 
turnover  resulting  from  fever.  The  decrease  in  the  uptake  of  the 
labeled  methionine  Into  the  plasma  globulin  is  quite  definite  in 
two  of  the  chimpansees  (Sam,  Denise)  but  still  apparent  in  the 
third  (Ralph) .  No  data  are  reported  concerning  the  albumin 
fraction  inasmuch  as  there  was  no  observable  change  under  the  con¬ 
ditions  of  the  experiment.  However,  when  the  sasM  degree  of 
hyperthermia  is  maintained  in  the  presence  of  the  virus,  there  is 
an  obvious  increase  in  protein  turnover.  In  all  3  experimental 
situations,  control,  hyperthermic,  hyperthermic  with  virus,  the 
significant  uptake  of  the  He-S^^  has  occurred  in  the  first  4  hours 
following  the  administration  of  the  tracer.  If  we  plot  the  ratio 
of  each  of  the  experimental  curves  to  its  own  control  from  the 
4-hour  point  on,  we  obtain  the  curves  in  Figure  2.  It  appears  that 
in  each  of  these  experimental  situations,  the  rate  of  loss  of  the 
the  measure  of  the  rate  of  protein  breakdotm,  la  the  same  but 
Increased  over  the  control  rate.  The  increased  rate  of  breakdown 
in  the  presence  of  a  virus  infection  or  fever  could,  if  continued, 
contribute  toward  an  increased  nitrogen  excretion.  That  virus 
infection  does  cause  Increased  nitrogen  excretion  has  recently  been 
clearly  deisonstrated  (7,8).  This  effect,  related  specifically  to 
amino  acids  in  bacterial  Infections ,  has  been  demonstrated  in  these 
laboratories  (16).  Furthermore,  fever  itself  has  been  shown  to 
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have  «  •imilar  cffact  on  tha  braakdown  of  protain  and  nltrogan 
axcratlon  (10,11).  Thua,  it  ia  not  unraaaonabla  to  conclude  that 
a  principal  cauaa  of  Incraaaad  nltrogan  Icaa  during  acuta  Incactloua 
dlaaaaa  raaults  froa  tha  favar  rathar  than  tha  nlcroorganlan. 

Finally,  if  %fa  conaidar  that  tha  breakdown  rata  of  the 
globuliii  during  fever  alone  ia  the  aane  aa  fever  with  vlrua,  than 
the  incraaaad  uptake  of  tha  Me>s33  in  the  preaanca  of  the  virua 
nHiat  be  due  to  an  -incraaaad  aynthetic  or  uptake  rata  raaulting  from 
the  direct  effect  of  the  microorganiam.  Our  recant  report  (13) 
demonatrating  tha  atinulation  of  protain  aynthaaia  by  microaomea 
obtained  from  animala  infected  with  VRS  lenda  further  aupport  to 
thia  latter  concluaion. 


8UHMARY 

Protein  nataboliam  haa  bean  followed  in  control,  hyper¬ 
thermia  and  hyperthermia  plua  virua. 

Rraakdotm  ia  incraaaad  in  both  experimental  groupa  over 
that  in  the  control  group.  It  ia  concluded  that  thia  Incraaae, 
cauaad  primarily  by  tha  fever,  contributed  to  the  prevloualy 
obaervad  incraaaad  nitrogen  excretion. 

evidence  ia  praaented  to  aupport  tha  concept  that  protein 
aynthaaia  ia  atimulated  by  the  preaence  of  virua  at  a  time  aimul- 
taneoua  with  that  of  the  obaervad  protein  breakdown. 
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MOLECULAR  MECHANISMS  OF  AOTIMICROBIAL  ACTION 


FRED  E.  RAEN 

WALTER  REED  ARMY  INSTITUTE  OP  RESEARCH 
WASHINGTON,  D.C. 


Introduction.  Infectious  and  other  communicable  diseases 
have  at  all  times  played  an  important  and  often  decisive  part  in  the 
outcome  of  military  operations.  The  loss  of  efficiency  or  actual 
loss  of  life  owing  to  communicable  diseases  has  frequently  rivaled  or 
even  surpassed  losses  from  enemy  action. 

Napoleon  went  into  the  Russian  campaign  with  an  army  of  more 
than  500,000;  when  he  began  to  retreat  from  Moscow,  there  were  only 
80,000  men  left  who  were  fit  for  duty.  Most  of  the  missing  420,000 
had  succumbed  to  disease.  Of  the  other  army  of  500,000  which  he  as¬ 
sembled  after  the  Russian  disaster  and  led  into  the  decisive  battle 
of  Leipzig,  220,000  had  been  lost  for  service  by  disease  before  the 
battle  was  Joined,  In  the  Civil  War,  93,000  Federal  soldiers  died 
from  enemy  action  but  186,000,  exactly  twice  as  many,  from  diseases. 

In  World  War  I,  the  typhus  epidemic  in  Serbia  in  1915  killed  over 
150,000  and  rendered  Serbia  an  area  virtually  forbidden  to  military 
operations.  In  the  Russian  Civil  War,  1917-1921,  there  were  more 
than  25,000,000  cases  of  typhus  with  three  million  dead.  In  World 
War  II,  some  500,000  American  servicemen  acquired  malaria  with  a 
total  of  6.6  millions  of  days  lost,  and  in  the  Korean  War,  1950-1953, 
the  total  nianber  of  cases  of  communicable  diseases  was  85,000  with  a 
loss  of  2  millions  of  days. 

Military  Medicine  must,  therefore,  recognize  communicable 
diseases  as  a  continuing  and  most  formidable  menace  to  the  efficiency 
of  the  Army,  particularly  during  special  operations  and  in  war  and  is 
dealing  with  these  problems  through  the  application  of  preventive  and 
curative  measures.  In  this  communication  I  shall  be  concerned  with 
scientific  aspects  of  curative  medicine. 

The  specific  curative  treatment  of  comnmicable  diseases  is 
known  as  chemotherapy.  The  scientific  possibility  of  chemotherapy, 
first  envisaged  by  Paul  Ehrlich  around  the  turn  of  the  Century,  was 
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dav«lop*d  by  bia  and  hi*  a*»ociat*a  into  «  Mdlcal  actuality  through 
the  discovery  of  salvarsan  in  1912.  Since  that  ti»e,  aaasive  efforts 
have  continued  at  synthaaisiiis  or  discovering  cheaical  coapounds  vhich 
possess  selective  toxicity  for  disease-producing  aicroorganisM  and, 
hence,  curative  properties  in  coasnmicable  diseases.  Contrary  to  the 
public  belief  in  the  universal  efficacy  of  "uonder  drugs,"  however, 
iaqiortant  categories  of  coanunicable  diseases,  for  exaaple  the  virus 
diseases,  have  reaained  refractory  to  chenotherapy.  Furtheraore, 
drug  resistance  is  prograssivaly  aaarglng  in  disaaaes  that  were  no 
longer  considered  to  be  serious  threats  to  ailitary  health,  for  these 
reasons,  continued  and  intensive  research  In  chsaotherapy  is  necessary 

Proa  the  aolecular  nature  of  cheaotberapeutic  drugs  it  fol¬ 
lows  logically  that  chsaotherapy  has  a  aoleculac  basis.  Mot  only  are 
the  cheaical  structures  of  all  such  drugs  well  known  Tut  in  aost  in¬ 
stances  they  have  been  laboriously  developed  or  aodifiad  in  order  to 
achieve  optiaal  curative  effects  with  ainlaal  toxicity  to  patients. 
Theoretical  efforts  to  establish  relationships  between  cheaical  struc¬ 
ture  and  cheBK>therapeutic  potency  are  as  old  as  the  science  of  chaao- 
therapy. 


That  the  aolecular  nature  of  chea» therapeutic  drugs  aust 
have  correlates  in  the  aolecular  organisation  of  susceptible  aicro- 
organisas  was  intuitively  racogaiaad  by  Ehrlich  and  expressed  in  his 
cheaoreceptor  hypothesis.  Only  during  the  past  25  years,  however, 
has  ate  rob  io  logical  chealstry  advanced  to  resolve  the  blocheaical 
hasis  of  drug  action,  and  only  during  the  past  decade  has  the  sple- 
cular  biology  of  drug  action  begun  to  eaerge  as  a  field  of  research 
that  elucidates  the  sMcWnlsas  of  action  of  drugs  at  the  priaary, 
i.e.,  aolecular,  level  of  organisation  and  proaises  to  recognise  prin¬ 
ciples  that  can  perhaps  ’e  applied  to  a  logical  and  preaeditated  de¬ 
sign  of  new  drugs  1  The  long-range  objective  of  this  research  is, 
therefore,  to  develop  chsaotherapy  froa  an  eapirical  into  a  predic¬ 
tive  science.  The  present  paper  is  concerned  with  perspectives  and 
es^erlaental  studies  in  the  aolecular  biology  of  drug  action. 

1.  Inhibitors  of  Cell-Wall  Synthesis.  Bacteria,  as  well  as 
aost  other  alcroorganisas  are  Inclosed  by  cell-walls  which  provide 
mechanical  support  and  protection.  The  contents  of  the  cell  exert  a 
significant  internal  pressure  upon  the  walls,  and  daaage  to  the  wall 
or  its  deterioration  will  result  in  rupture  and  lysis  of  the  cells  un¬ 
less  special  experiaental  precautions  are  taken.  The  classical  exam¬ 
ple  of  a  drug,  active  upon  cell-walls,  is  penicillin. 

When  penicillin  was  added  to  cultures  of  Escherichia  coli. 
growing  exponentially  in  defined  liquid  media,  and  the  turbidity  of 
such  cultures  was  measured  at  time  intervals,  the  density  of  the 
cultures  decreased  precipitously  after  a  certain  lag  (Pig.  1),  owing 
to  lysis  of  the  organissu.  Without  mechanical  agitation  and  upon 
adding  sucrose  for  osmotic  protection,  lysis  could  be  prevented  (1). 
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Oiid«r  elM  phaaa-eontrMt  aleroacop*  a  aaquanea  of  ava&ta  vaa 
obaarvad  In  thaaa  aueroaa-contalnlng  culturaa  which  la  dap Ic tad  In 
Fig.  2.  Tha  bactarlal  roda  producad  cantral  or  ta»inal  globular 
aatrualona  that  incraaaad  In  siae  while  the  bacterial  call-valla  ba- 
caaa  prograaaivalp  aapty  of  cytoplaan.  Latar  the  globaa  aithar 
aaparatad  from  tha  cell-walla  or  retained  parta  of  tha  walla  attach¬ 
ed.  Finally  the  globular  atructuraa  underwent  partial  vacuoliaation, 
relaaaing  their  entire  content,  and  tha  only  atructural  alaaanta  ra- 
naining  ware  circular  "ghoata"  that  rapraaentad  the  aagity  cytoplaaaic 
iHBibranaa  (1,2). 

Independent  biochanicol  ewidanca  (aiaanariaad  in  3)  provaa 
that  penicillin  laada  to  an  accunulatlon  of  building  blocka  for  call- 
wall  aynthaala  by  interfering  with  tha  polyMiriaatlon  of  thla  aatari- 
al  Into  a  baaal  co^atltuant  of  tha  wall.  Thua,  penicillin  intarfaraa 
with  the  growth  and  aaintananca  of  tha  Intact  call-wall.  Under  con- 
dltiona  where  tha  cytoplaonic  content,  particularly  tha  protelna  of 
the  cell,  continue  to  be  aynthaalaad,  the  wall  finally  rupturea  and 
the  cell  content,  Incloaad  in  a  cytoplaauic  Mabrana  axtrudaa 
(Fig.  2), 

Examination  of  tha  cheailcal  atructuraa  of  penicillin  and  of 
the  antibiotic,  cycloaarlne  (oxaaiycln),  auggaatad  to  ua  a  certain 
alnilarlty  batwaan  the  two  coa^Munda  (Fig.  3)  and,  hence,  the  poaal- 
bllity  that  they  might  have  almilar  audea  of  action.  Thla  turned 
out,  indeed,  to  be  the  caae  (4).  Cycloaerine  alao  cauaed  lyaia  of 
bacteria.  It  produced  the  aama  atructural  changaa  of  bactarlal  calla 
aa  doea  penicillin,  and  It  led  to  the  accumulation  of  almilar  bio¬ 
chemical  intexmadlataa  of  call-wall  aynthaaia  (4).  Whan  we  referred 
our  baalc  flndinga  to  Stromlngar  for  detailed  enzymological  atudy, 
he  demonatrated  that  cycloaerine  blocka  the  formation  of  lov-molacu- 
lar  building  blocka  for  call-wall  aynthaala  at  two  well-defined  and 
auccaaalve  anaymatlc  atepa  (3). 

Addltlotul  antibiotlca  which  have  bean  found  to  Inhibit  tha 
bloayntheala  of  cell-walla  in  a  manner  almilar  to  that  of  penicillin 
are  bacitracin  and  novoblovln  (3).  In  aw,  it  can  ba  atatad,  there¬ 
fore,  that  there  exiata  one  category  of  antimicrobial  druga  which 
produce  their  effect  by  interfering  with  tha  growth  and  maintenance 
of  cell-walla.  The  prototype  of  thla  category  of  druga  la  penicillin 
which  la  perhapa  the  moat  important  cheantharapeutlc  drug  In  currant 
medical  uae.  Since  the  conatltuent  cella  of  mammalian  tlaauea  and 
organa  do  not  poaaeaa  the  anatomical  and  biochemical  aquivalenta  of 
bacterial  cell-walla,  penicillin  la  generally  non-toxic  for  man  while 
highly  toxic  for  bacteria. 

2.  Inhlbitora  of  Protein  gynthaala.  Knaymaa  are  of  vital 
Importance  bacauae  either  alngly,  or  organlxcd  Into  cooperatively 
functioning  ayataam,  thay  catalyxa  tha  chemical  raactiona  of  the  cell 
and  thua  conatltuta  the  metabolic  machinery  which  la  reaponalble  for 
growth  and  multiplication.  Any  general  Inhibition  of  protein  aynthe- 
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#!•  aBOunca  apactfically  to  a  cendltloa  in  wkick  ■icroorganlama  ara 
randarad  imabla  to  aynthaaita  ansyMa.  Ganaral  inhibition  of  pro- 
tain  aynthaela  la  producad  by  aavaral  laiportaat  antibiotic  druga,  for 
aaaaq^la,  chloranphanleol,  tha  tatracyclinaa,  atraptOBycln,  arythro- 
aiycin,  and  tha  laaa  iaportant  antlbiotiea«  puroaqrcin,  atraptograBin, 
and  liacoBycln, 

A  eonvanfant  way  of  atudylng  protaln  aynthaala  uacopplicatad 
by  callular  growth  and  Bultiplicatlon  is  afforded  by  tha  phainBanon 
of  inducad  anayBS  synthasia.  Bactaria  poaaa«  tha  inharltad  capacity 
of  aynthasiaing  nuaiarous  anayBaa  that  ara  not  noxvally  constltuanta 
of  thaaa  calls  but  whoaa  formation  can  ba  Inducad  by  supplying  thalr 
raspactlva  aubatrataa  to  tha  organ! ama* 

For  axanpla,  whan  lactoaa,  aaltoaa,  arablnosa,  or  acatate 
was  added  to  auspanalona  of  B.  coll  in  madia  chat  did  not  support 
growth,  tha  calls  failed  at  Tirat  to  mataboliaa  these  various  sub- 
atrataa,  Bowavar,  after  30  minutes,  oxygen  conataqption  bagan  slowly 
and  iaeraaaad  axponant tally,  indicating  the  progressive  synthesis  of 
Inducad  anxymaa,  nacassary  for  the  mataboliaa  of  the  InitLilly  added 
inducers  (Fig.  4).  In  contrast,  when  chloramphenicol  or  chlortctra- 
cycllne  ware  preaent  In  such  bacterial  suspanslona,  no  Induced  ensyme 
aynthaala  was  obaervad  (5).  In  bacteria  which  had  synthesised  the 
ansymas  prior  to  the  addition  of  the  drugs,  high  ensyme  activity  was 
iaBsdiately  evident  and  was  not  influenced  by  chloramphenicol  (5). 

-  ^nba  drug,  thus  inhibited  the  inducad  synthesis  of  ansymas  but  not  the 
oatalytlc  activity  of  the  ansymas  once  they  had  been  synthesised. 
Biailar  results  have  been  obtained  with  other  antimicrobial  drugs, 
and  in  all  instances,  such  findings  era  indicative  of  an  inhibition 
of  protein  synthesis. 

An  observed  inhibition  of  protein  synthesis  can  either  be  a 
apaciflc  effect,  or  it  can  result  from  a  blockade  of  any  of  a  loaber 
«f  essential  supportive  processes.  We  have  devoted  much  effort  to 
distinguishing  among  these  possibilities  (6,7)  and  conclude  that  the 
affects  of  chamotharapeutlc  drugs  xipon  proto  in  synthesis  are  specific 
<«). 


Fig.  5  illustrates  the  specificity  of  inhibition  of  protein 
synthesis  for  streptomycin  as  an  example  (9).  When  this  drug  was 
supplied  to  a  culture  of  B.  coli.  growing  exponentially,  bacterial 
density  aetinated  spactrophotoarntrically  at  420  a^  ceased  to  ineraaaa. 
Thus,  straptOBycin  inhibited  strongly  an  increase  in  bacterial  mass 
and,  hence,  in  protein.  This  was  borne  out  in  detail  by  chamical 
analyais  (9).  Bynthasia  of  the  other  essential  bacterial  polymers, 
daoxyrlhonucleie  acid  (DMA)  and  ribonucleic  acid  (RKA)  continued  as 
is  shown  by  tha  continued  increase  In  light  absorption  at  260  a^i. 

Sven  call,  division,  l.a.,  tha  actual  formation  of  new  cells.  Inclosed 
in  new  cell-walls,  continued  to  soma  extant;  this  Increase  was  meas¬ 
ured  in  an  automatic  cell  counter,  verified  by  microscopic  observatloi) 
and  is  indicated  in  Fig.  5  as  an  ineraaaa  with  t^  In  "total  count." 
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tlallar  dla^r— ■  bavs  baan  obtaiaad  for  cbloraaipbaalcolf 
tatracfc linos,  orythroayc in,  and  puronjeln  (aisMarlsod  In  10).  TlMy 
Indlcato  tbat  eho  oasoatial  energy- geaeratl^  and  energy- trass f or rl^ 
reactions,  the  vast  smjority  of  reactions  of  the  intensediary  netab- 
olisn,  and  many  biosyntbetic  processes  are  not  prinarily  influenced 
by  the  drugs  and  that  the  effects  on  protein  synthesis  are,  indeed, 
highly  specific. 

Thus,  a  n(aid»er  of  antlmlnrobial  drugs  which  possess  differ¬ 
ent  and  unrelated  chenical  structures  exhibit  in  terns  of  microbial 
physiology  the  seme  mode  of  action,  via.,  inhibition  of  protein  syn¬ 
thesis.  This  seeming  paradox  is  being  resolved  by  investigation  of 
the  different  primary  mechanisaw  of  action  of  the  different  drugs  at 
the  swlecular  level. 

In  fionaiderlng  Inhibitions  of  protein  biosynthesis,  the  cen¬ 
ter  of  our  attention  (Fig*  6)  Is  occupied  by  the  terminal  mechanism 
through  which  amino  acids  for  protein  synthesis  are  asssmbled  correct¬ 
ly  into  their  genetically  determined  sequences  and  condensed  through 
the  establishment  of  peptide  bonds.  These  processes  ere  mediated 
through  aA  hoc  assemblages  made  up  of  ribosomal  particles  and  work 
copies  of  the  genetic  code,  known  as  messenger-UU.  Am  the  smeha- 
nistic  details  of  the  final  events  are  still  uncertain,  the  protein 
synthesising  system  is  symbolised  in  Fig.  6  as  a  '*black  box"  for  which 
only  the  iiqiut  and  output  of  material  are  indicated  in  detail. 

The  Individual  cistrons  ("genes")  in  D!IA  contain  the  original 
information  for  the  establishment  of  the  correct  linear  amino  acid 
sequences  in  the  corresponding  proteins  to  be  synthesised*  This  In- 
fonsation  is  laid  down  in  the  form  of  specific  sequences  of  trinucle¬ 
otides;  each  such  triplet  is  a  coding  group  for  one  amino  acid,  and 
the  sequence  of  these  "codons"  is  thought  to  determine  the  sequence  of 
amino  acids  that  must  be  established  in  protein  synthesis  (summarised, 
for  example,  in  11). 

DHA  is  transcribed  into  a  category  of  RNA  which  In  base 
composition  and,  by  inference,  In  the  sequence  of  coding  signals  cor¬ 
responds  to  the  cistron  from  which  it  is  copied.  It  is  assiaed  that 
each  RHA  transcript  of  Individual  cistrons  serves  as  a  genetic  messen¬ 
ger  which  informs  and  assembles  a  ribososiel  system  for  protein  synthe¬ 
sis  (sumsarlsed  in  12).  In  Fig.  6,  this  idea  is  summarised  by  tbs 
arrow  which  indicates  the  input  of  messenger-RKA  Into  the  "black  box." 

The  lower  right  of  Fig.  6  shows  how  amino  acids  and  adenosine 
triphosphate  (ATP)  enter  into  the  synthetic  system.  These  amino  acids 
are  ensymatlcally  ac..ivated  and  In  one  Integrated  reaction  ester,  if  led 
with  the  terminal  adenosine  residue  of  a  second  class  of  RMA,  known 
as  "transfer-RHA."  lech  transfer-RHA  molecule  represents  an  adaptor 
for  the  correct  placement  of  Its  attached  amino  acid  alongside  the 
messenger-RNA  molecule  in  such  a  manner  that  complsmcntary  coding 
groups  in  tbs  two  types  of  RRA  form  specific  hydrogen  bonds.  The 
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procMt  of  coabinlxit  mlco  acidc  «nd  tr4Uuf«r*UUk  1«,  thoroforo, 
•uMMrljiod  la  Fig.  6  by  eh«  tom  "adaptation**  and  conatltutaf  aaaan- 
tlally  tha  ancodlng  of  onlno  oclda  In  praparntlon  for  protaln  ayn* 
tbaaia. 


Tbo  ancodad  onlno  oeyl-tranafar-BU  unlta  do  not  roach  the 
rlboaoMl  ayatoM  In  the  block  box  opontonooualy  and  dlroctly  In  auch 
a  aonnar  that  protaln  aynthoola  roaulta.  There  ore  Interpoaed  two 
further  ensyutlc  reaction  atopa*  Uncertainty  about  the  detolla  of 
thooe  reoctlona  la  Indicated  by  a  ^ueatlon  nark  behind  the  tern 
"tronafer"  (Fig.  6).  Irreepectlve  of  thin  uncertainty  tha  anlno  acid 
code  la  read  by  the  aynthatic  oyataoi  In  a  atepuiaa  progreaalng  linear 
feahlon  by  which  the  aalnD  oclda  ore  aaaaoibled  end  condenaed,  be¬ 
ginning  at  the  M-tomlnal  Mi^ar  of  the  chain* 

The  Individual  tronafar-IKka  ere  being  rocycled  end  re-ueed 
ea  the  aynthatic  proceaa  progreaaea.  Once  the  protaln  chain  la  co«- 
plotedf  it  la  raleeaed  fron  the  alte  of  ita  aaeanhlega*  Tha  iMaaea- 
ger-ni  aorvea  aaverel  tJaiaa  ovor  in  Individual  acta  of  protein  ayn- 
theala  but  la  arventuelly  degraded}  Ita  building  blocka  ore  recycled 
Into  a  now  tronacrlption  proceae  oa  auggeated  hy  the  teiai  "turnover** 
(Fig.  6). 


Our  own  work  hea  been  «ueh  concerned  with  the  action  of  the 
antibiotic*  chloraagihanicol.  Ivldeece  hna  bene  auneorlned  ynreviouely 
<13)  that  chla  drug  dona  not  act  upon  the  acclwntion  end  odaptetlon 
atepa  ^Mve  found,  however*  that  chlnronphanlcol  conoee 

an  occeanlation  of  uwaaed  eeananger-llh* 

Ohen  1.  coll  waa  oaposad  to  tha  drug  for  ooveral  duplication 
tiaaa  and  chloiraephonleol  woo  than  rnepvad*  omch  of  tha  m  that  had 
necuBulated  during  tha  Inhibition  of  protaln  aynthaala  won  onayouit- 
Ically  degraded  by  tha  organlae  (14).  Oncb  eatobollc  Inateblllty  la 
eharacterlatlc  for  eaaaenger-lgh  (12). 

The  eoet  eharecterletlc  property  of  aeeseager-nUL*  however* 
la  ita  base  coepoaltion.  This  HU*  ea  atated  above*  la  darlved  free 
BH4  by  a  direct  transcrlpelon  proceaa  and*  hanea*  poaaeaaoa  a  bote 
conpoaltlon  which  correaponda  to  that  of  tha  INUL  free  which  it  la 
coplad*  If  It  could  be  ahown  that  the  labile  portion  of  chloran- 
phenieol-nu  had  a  DRh-llke  boae  conpoaltlon  It  would  auggaat  that 
tha  natarlal  wara  neaaangar-Uh.  Thla  hypothoala  woa  taatod  with 
gaclllua  caraua  aa  a  toaC  organlan  (15)  bacauaa  tha  baac  conpoaltlona 
of  Ita  INU  and  ita  global  BU  differ  neckedly*  e  clrcunatence  which 
should  land  algnifi.  once  to  any  analytical  fl^lnga  on  chloronphenl- 
col-nU. 


The  left  half  of  Fig.  7  ahowa  tha  accwulatlon  of  BU  In 
caraua  during  90  nlnutea  of  oxpoaura  to  chloraig»henleol.  The 
¥actwia  were  then  freed  fron  chloronphenicol*  and  tha  right  tlda  of 
Fig*  7  ahowa  tha  Nubaoquent  loaa  fron  tha  organlan  of  a  larga  portion 
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of  tbo  BUI  which  had  accuulatad  iurlag  lahibitlon  of  protein  ajn- 
thesle  by  chloraaphonlcol.  Thle  loet  aatarlal  appeared  in  the  fon 
of  free  purine  end  p;Tlaldlne  baaee  In  the  euapendlafi  aseditae;  hypos* 
anthlne  was  derived  froe  adenine  and  uracil  froe  cytosine*  The  bases 
resulting  fro«  degradation  of  chlorsephsnlcol-MU  were  separated  by 
lon-ezchange  chroawtography  and  quantitated  spectrophotoeetrlcslly; 
the  results  of  these  analyses  are  tabulated  In  Table  1. 

Table  1 

Base  Costpoalcion  of  Nucleic  Acids  of  Bacillus  cereus  In  Hole  per  Cent 


■uanlne 

Adenine 

(4fl3rpoxanthlne) 

Cytosine 

Thynlne  nr 
Dree 11 

Sun  of 
Pyrlaldlnes 

DMA 

17.8 

32.2 

17.5 

32.6 

50.1 

Chloraephenl- 
col-llA  Frag* 

nents 

20.8 

29.8 

5 

44 

49.3 

IMA 

31.0 

25.5 

20.1 

23.4 

43,5 

Issalnatlon  of  the  data  In  Table  1  shows  that  the  relative 
abundance  of  guanine,  adenine  (-thypoxanthlne) ,  and  of  the  svsi  of  the 
pyrlnldlne  bases  in  the  degradation  products  of  chlora^>henlcol-XIA 
was  quite  slnllar  to  the  base  cos^osltion  of  the  DMA  of  B*  cereua  but 
SMrkedly  different  from  the  cosqwsltion  of  the  global  IMA  of  the  or* 
ganlan.  These  findings  (15)  are  In  accord  with  the  hypothesis  that 
the  IKA  which  breakd  down  after  rsaoval  of  chloranphenlcol  la  SMSsen- 
ger'UIA  which  originally  accusulates  because  It  can  not  be  utilised 
for  protein  synthesis  In  the  presence  of  the  drug*  Some  prellalnary 
Infometlon  exists  to  the  effect  that  labile,  BMA-llke  IIA  lAlch  ac- 
ctasulates  under  such  conditions  possesses  «essenger*IMA  activity  when 
tested  In  cell-free  nodal  systsau  of  protein  biosynthesis. 


Such  a  cell-free  syaten  (16),  containing  rlbosones,  sone 
fom  of  aessenger,  radioactive  anlno  acids,  essential  ensynes,  trans- 
fer-lMA,  and  sources  of  energy  has  been  used  widely  during  Che  past 
two  years  In  studies  on  protein  synthesis.  All  drugs  cited  above  In¬ 
hibit  the  Incorporation  of  radioactive  snlno  acids  in  this  synten 
(reviewed  In  10).  Ve  have  specifically  established  this  fact  for  the 
antibiotic,  erythroi^ln  (17).  Results  of  this  study  are  listed  in 
Table  2. 


•wr 


l»hx%  2 


XchibltloB  by  Brythrcayein  of  rolyphcnylAlanlM  SyntJwsU  1b  « 

C«ll-fr««  tyttw 


OoB^sltloB  of  the  System 

Counts  per  min  per  total  ppt* 

Oomplete  tyatsm 

33,649 

Energy  Source  (AZF)  omitted 

2,762 

jFoly  D  (messenger)  omitted 

764 

Brythromycln  (1.0  tiavlAa)  added 

14,815 

Brythromycln  (1.5  lijeoles)  added 

6,765 

Tb*  BvallBblllty  of  collofro*  Bodtl  aystflu  of  protein  ayn- 
thaala  which  ara  iahlbltad  by  chMotharapautlc  druga  afforda  azparl- 
aantal  ^^roachaa  to  tha  aolutlon  of  problaaka  of  Mchanlau  of  action 
at  tha  nolacular  laval*  Ona  aat  of  auch  nachanlana  undar  currant  con« 
aldaration  would  raqulra  that  tha  drug  molaculaa  Intaract  dlractly 
with  tha  riboaomal  partlclaa  that  aadlata  protaln  aynthaala.  We  hava 
ahown  such  a  direct  Interaction  of  1.  coll  rlboaowaa  and  radioactive 
chloranphanlcol .  “  — — 

To  graded  apounta  of  rlboaowal  auapanalona  vara  added  Iden¬ 
tical  quantltlaa  of  chloraaiphenlcol  alone  or  In  mixture  with  erythro- 
aqrcln.  After  collecting  tha  rlboaosMa  by  high-speed  centrifugation 
they  vara  quantitated  by  chemical  analyela  for  their  rlbose  moiety 
and  counted  for  radioactive  chloramphenicol.  The  diagram.  Fig.  8, 
shove  that  the  amount  of  chloramphenicol  bound  to  rlboaomal  partlclaa 
waa  proportional  to  tha  quantltlaa  of  theae  partlclaa  and  that  a  given 
concentration  of  erythromycin  Inhibited  the  Interaction  between  rlbo- 
aomea  and  chloramphanlcol  by  a  conatant  percentage,  Irraapactlva  of 
the  amounts  of  rlbosomal  material  present.  Such  a  situation  la  Indic¬ 
ative  of  reversible  Inhibition  and  suggests  that  two  Inhibitors  of 
protaln  synths'^'),  chloram>banlcol  and  erythromycin,  competed  for  the 
same  site  of  attacfamanc  on  the  ribosomes.  Since  streptomycin  and  the 
tetrecycllnea  did  not  Interfere  with  the  Interaction  between  rlbo- 
aomes  and  chloramphenicol.  It  la  inferred  that  they  possess  differ¬ 
ent  mechanisms  of  action. 

3.  Inhibitors  of  KHA  Synthesis.  The  vital  importance  of 
messenger-UlA  has  become  apparent  during  the  preceding  discussion  of 
genetically  controlled  protein  synthesis.  Data  In  Table  2,  for  exam¬ 
ple,  show  that  a  cell-free  system  was  virtually  non-active  with  re¬ 
spect  to  amino  acid  Incorporation  when  the  messenger  was  withheld. 

As  measeugar-BHA  must  be  continuously  reassembled  In  microorganisms 
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<12)  Any  •ubAtnne*  thac  Inhibits  IMA  lynthMis  nhould  b«  n  very 
feeelve  AntlalErobial  eoapound. 

So  fsr,  only  one  fonlly  of  Antlbiotice«  Aseoiplif led  by  the 
prototype,  Actlnonycln  D,  la  known  to  have  tblA  necbAnlMi  of  Action 
(18),  ActlQoniycin  D  coablnea  with  DIAt  the  t— adlAf  coneequencA  le 
A  blockAde  of  the  trAnecrlptlon  of  All  IMA,  Including  MaaengAr>IMA, 
Soon  ehAreafter,  when  the  lAst  boIacuIa  of  prA-Axlstlng  ■ASSAngAr* 

IMA  hAA  bAAn  conauBod,  protaln  ayathaala  coaMf  to  a  atAndatlll,  And 
latar  DMA  fomatlon  alao  csaaea. 

ActlnoBycln  itaalf  la  not  of  practical  clinical  heportancA. 
However,  in  tema  of  geoaral  prlnciplea  of  action,  the  drug  auggeata 
that  A  anarch  for  aubatancaa  that  Inhibit  IMA  aynthaala  at  tha  level 
of  the  genoBA  by  InterfArlng  with  tha  tranacrlptlon  BAchanlAB  would 
bold  the  proBlae  of  yielding  uaaful  druga. 

4.  Inhlbltora  of  DMA  Syntheala.  It  la  aelf •evident  that  an 
inhibition  of  niA  forBatlon,  l«a,.  In  biological  texBB  an  Induced  in* 
ability  of  a  BlcroorganlaB  to  duplicate  Ita  genetic  Baterial,  will 
lead  to  radical  antlnlcroblal  affecta.  The  antibiotic,  Bltonycln  C 
la  a  natural  aubatance  which  haa  thla  effect  (19),  The  coBpound  ln> 
hlblta  DMA  ayntheaia}  IMA  and  protein  aynthaala  raaMln  relatively  un* 
affected  for  a  tine  but  the  viability  of  teat  bacteria  la  aarkedly 
decreaaed.  The  Bechaniaa  of  action  of  Bltonycln  C  la  atill  unknown. 
Current  hypotheaea  aaauae  that  the  antibiotic  producea  to  vivo  croaa- 
linka  between  the  two  conpanlon  hellcea  of  DMA;  auch  a  BechanlaB  of 
action,  once  proved,  would  tend  to  characterlae  Bltoaycto  C  aa  a  nat¬ 
ural  radiOBtoetlc  coaqtound, 

Aa  an  anticancer  agent,  the  antibiotic  haa  dlaappototed. 
However,  BltoBycto  C  exeapliflea  a  principle  of  action,  via..  In¬ 
hibition  of  gene  replication,  that  Bay  conceivably  be  exploited  In 
chaBOtherapy  reaearch.  TTbare  exiata,  however,  an  elaaMint  of  doubt 
whether  any  agent  acting  to  that  Banner  could  be  rendered  aufficlent- 
ly  apeclfic  for  alcrobial  DMA  ao  aa  to  ellatoate  antialtotic  or 
other  cytotoxic  ef facta  to  aan. 

SuBBary.  Antlbiotica  have  been  found  to  Inhibit  (1)  cell- 
wall  aynthaala  (penicillin),  (2)  protein  aynthaala  (chloraaphenicol, 
tetracycllnea,  atreptoaycto,  erythroayc to) ,  (3)  IMA  aynthaala,  and 
(4)  DMA  aynthaala.  Mechanlaaa  by  which  theae  effecta  are  produced 
have  been  atudled  and  typical  reaulta  of  thla  reaearch  are  reported. 
Chloraaphenicol  and  arythroaycin  appear  to  Inhibit  protein  bioayn- 
theaia  by  direct  interaction  with  rlboaoawa.  In  all  toataocea,  the 
anttoicrobial  actiona  occurred  to  the  general  area  of  aacroiaolecular 
bloayntheaia  and  aaaanblage. 
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IHrUflUrOB  OF  tbaima  amd  hkmolysis 
m  HBHOMHAGIC  SHOCK  IM  DOGS 


BOBKX  M.  HUtDAUAY,  111,  COLOMKL,  MC 
HAI.TIB  BUD  AMY  IMSTITUTE  OF  USBARGU 
HA8HUUIOV,  D.  C. 


latravAccular  haaolyaia  taaa  in  gaaaral  baan  conaldarad 
Co  ba  datriaaaCal.  Haaolycic  Cranafuaion  raacclon,  haaolytlc 
crlaaa,  old  bank  blood,  ate.,  hava  all  baan  aaaociatad  with  high 
aarbldlty  and  aortallty.  During  invaatlgatlona  attaaipclng  to 
aaaaaa  tha  tola  of  trauaM  In  Irravaxalble  baaorrhaglc  ahock  In 
doga.  It  bacaae  apparant  that  haaolyala  vaa  a  proalnant  faatura  of 
trauaM.  If  iSogc  (undar  Bandiutal  anaathaala)  ware  aubjactad  to  100 
blowa  on  one  thigh  with  a  padded  aMllet,  it  vaa  noted  that  idilla 
haaoglobinaada  waa  not  proalnant  laaMdlataly,  it  waa  very  proadnant 
after  two  dtya  (Fig.  lA).  Thla  aaount  of  haaogloblnaad.a  waa 
roughly  equivalent  to  that  produced  by  the  Injection  of  20  ml.  of 
haaolyxed  autoganoua  blood  (Fig.  lA).  Becauae  trauawtlsed  doga 
were  ouch  aK>re  au||ceptlble  to  baaorrhaglc  ahock  than  non- 
trauaatlsed  doga,  It  waa  thought  that  perhapa  aortallty  waa  cor¬ 
related  with  heaolyala.  A  aerlea  of  e]q>erlaicata  waa  therefore  aet 
up  to  aaaeaa  tha  role  of  heaolyala  in  hcaorrhaglc  ahock.  The 
present  paper  reports  the  reaulcc  of  theae  experiaenta. 


Materlala  and  Method! 


The  prlnclplea  of  laboratory  aniaal  care  aa  promulgated 
by  the  national  Society  for  Medical  Beaearch  were  obaerved.  One 
hundred  twenty-three  aongrel  doga  of  either  sex  weighing  between 
12  and  18  kg.  were  aedated  with  aorphlne.  Under  local  aneatheala 
and  with  aterlle  condltiona  a  polyethylene  catheter  waa  Inserted 
Into  a  femoral  artery  and  used  to  record  blood  pressure  on  a 
Sanborn  recorder.  Another  polyethylene  catheter  was  inserted  Into 
a  feaK>ral  vein  and  used  to  adadnlster  electrolyte  solutions, 
medication  and  blood.  The  second  femoral  artery  waa  exposed  but 


*  These  experiments  will  be  reported  elsewhere 
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not  cathetericed.  When  blood  wae  to  be  drawn  for  aaapling  or  for 
beiBorrhr.giag,  a  abort  polyethylene  catheter  was  Inserted  Into  the 
artery  and  lianedlately  withdrawn  and  discarded  after  use.  Artery 
and  tubing  were  allowed  to  flush  before  a  sample  was  collected. 

The  animals  were  divided  into  10  groups  as  follows: 

Group  1 .  Fifteen  dogs  were  bled  through  a  short  poly¬ 
ethylene  catheter  directly  Into  a  clinical  type  of  blood  donor  bag 
(Fenwal)  containing  ACD  solution.  Blood  was  allowed  to  flow  into 
the  bag  until  it  contained  400  ml.,  care  being  taken  to  mix  the 
blood  well.  The  tube  was  withdrawn  and  tied  close  to  the  bag*  A 
second  clinical  donor  hag  (Fenwal),  this  time  containing  heparin 
as  an  anticoagulant,  was  then  used  in  a  sisillar  manner,  blood 
being  withdrawn  until  the  mean  aortic  pressure  was  40  mn.  Hg.  The 
animal  was  allowed  to  stabilise  for  30  minutes  during  which  time 
the  aortic  pressure  usually  rose  somewhat.  At  this  time  additional 
blood  was  withdrawn  using  a  new  short  length  of  polyethylene 
tubing  to  bring  the  pressure  again  to  40  mm.  Hg.  This  blood  was 
used  for  tests  or  discarded  after  measurement .  For  the  next  3% 
hours  the  atean  arterial  pressure  was  kept  at  40  nm.  Hg.  either  by 
withdrawing  small  airounts  of  blood  through  a  new  segment  of  plastic 
tubing  or  by  administering  small  amounts  of  ACD  blood  intra¬ 
venously.  Mo  heparinlsed  blood  was  given.  At  the  end  of  the  4- 
hour  shock  period,  a  blood  sample  was  again  taken  through  a  new 
short  plastic  tube  after  allowing  the  artery  to  flush  itself. 
Meanwhile  all  bled  blood  had  been  measured,  recorded  and  discarded. 
After  the  final  sample,  all  blood  remaining  in  the  ACD  bag  and  all 
blood  in  the  heparin  bag  was  returned  to  the  animal  intravenously 
through  a  recipient  set  filter.  The  central  venous  pressure  was 
measured  during  and  after  the  retransfusion  using  the  intra¬ 
venous  catheter.  The  blood  used  for  samples  or  discarded  during 
the  shock  period  was  replaced  with  normal  saline.  After  the  re- 
transfusion,  the  catheters  were  withdrawn  and  the  wounds  sutured 
under  sterile  conditions.  The  animals  were  returned  to  their 
cages  where  food  and  water  were  available  but  no  other  treatioent 
given.  All  animals  were  observed  for  48  hours  or  until  death. 
Anisials  alive  at  46  hours  were  considered  survivors.  Blood 
samples  were  obtained  before  start  of  hemorrhage,  30  minutes  after 
hemorrhage,  and  Just  before  the  retransfusion  after  four  hours  of 
shock.  Samples  were  tested  as  follows:  1)  Lee  White  clotting 
time  using  siliconised  tubes  kept  in  a  constant  temperature  water 
bath;  2)  hematocrit  by  the  microtechnique;  3)  prothrombin  time; 

4}  fibrinogen  level;  (14)  S)  total  protein;  6)  platelet  count; 

7)  endogenous  heparin  level  using  azure-A  dye  precipitation  with 
colorimetry.  (19,20) 

Group  2.  Thirty-four  dogs  were  treated  in  the  saate  man¬ 
ner  as  in  Group  I  except  that  before  bleeding,  20  ml.  of  blood 
was  «d.thdrawo,  frozen  in  a  dry  ice  bath,  thawed,  and  imsiediately 
returned  t..  the  anisials 
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Group  3.  Thirteen  dogs  were  treated  In  the  same  manner 
as  In  Group  2  except  that  100,000  units  of  flbrlnolysln  (Thrombo- 
lysln,  Merck,  Sharpe  and  Dohine)  was  given  intravenously  according 
to  the  following  schedule: 

12,500  units  after  Initial  blood  sample. 

12,500  units  after  administration  of  hemo lysed 
blood . 

6,250  units  every  30  minutes  during  shock  period. 

Tho  remainder  of  the  total  dose  was  added  to  the  retransfusion  at 
the  end  or  the  shock  period. 

All  of  these  animals  were  paired  with  13  animals  of 
Group  2  and  done  on  the  same  table  at  the  same  time.  Selection 
as  to  which  animal  was  In  Group  2  or  Group  3  was  accoiiQ>llshed  Just 
before  the  procedure  by  the  toss  of  a  coin. 

Group  h .  Thirteen  dogs  were  placed  on  the  operating 
table  and,  after  preparation,  100  ml.  of  blood  was  withdrawn, 
frosen  by  dry  Ice,  and  reinjected  Into  the  animal.  Sandies  were 
taken  as  In  the  other  groups  but  no  hemorrhagic  shock  was  induced. 

Group  5.  Two  dogs  were  treated  as  in  Group  4  except 
that  only  50  ml.  of  blood  was  hemo lysed. 

Group  6.  Two  dogs  were  treated  as  in  Group  4  except  that 
only  20  ml.  of  blood  was  hemo  lysed. 

Group  7.  Thirteen  dogs  were  treated  as  in  Group  2 
(hemorrhagic  shock  and  20  ml.  of  hemolysed  blood)  except  that  in¬ 
stead  of  20  ml.  of  hemolysed  blood,  an  equivalent  amount  of  hemo¬ 
globin  was  given.  An  attempt  was  made  to  purify  this  heBx>globln 
by  extracting  heaulysed  cells  with  chloroform  and  using  the  re¬ 
maining  hemoglobin  after  filtration. 

Group  8.  Fourteen  dogs  were  given  flbrlnolysln  In  the 
same  dosage  and  schedule  as  those  dogs  In  Group  3  but  were  net 
subjected  to  heonrrhaglc  shock  nor  Injected  with  hemolysed  blood. 

Group  9 .  Eight  dogs  were  subjected  to  heBK>rrhagic 
shock  and  20  ml.  of  hemolysed  blood  as  in  Group  2  but  in  addition 
were  given  heparin  according  to  the  following  dose  schedule: 

1,000  units  or  10  mg.  per  kg.,  80%  of  which  was  given  before 
hemorrhage  and  20%  one  hour  later.  This  probably  is  an  inadequate 
dosage  to  prevent  QIC  in  view  of  the  hypercoagulability  of  dog 
blood,  particularly  as  Influenced  by  shock  and  hemolysed  blood. 

Group  10.  Nine  dogs  were  given  flbrlnolysln  as  in 
Group  8,  (no  hemorrhagic  shock)  but  in  addition  were  given  100  ml. 
of  hemolysed  blood  after  the  first  dose  of  fibrinolysin. 
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Hortalltv. 


Mg..-.  ol..B9fSi  1  MgrlaUa 


Group  1 

Shock  alone 

15 

2 

13 

2 

Shock  and  hemolysed 
blood  (20  ml.) 

34 

31 

91 

3 

Shock,  hemolysed  blood 
(20  ml.)  and  flbrinolysin 

13 

5 

38 

4 

Hemolysed  blood  alone 
(100  ml.) 

13 

0 

0 

5 

Hemolysed  blood  alone 
(SO  ml.) 

2 

0 

0 

6 

Hestolysed  blood  alone 
(20  ml.) 

2 

0 

0 

7 

Shock  and  purified 
hemoglobin 

13 

11 

84 

8 

Flbrinolysin  alone 

14 

0 

0 

9 

Shock,  hemolysed  blood 
(20  mi.)  and  heparin 

8 

8 

100 

10 

Hemolysed  blood  (100  ml.) 
and  fibrinolysin 

9 

0 

0 

Hypotension  slone  a£  4G  nm.  Hg.  mean  aortic  pressure  for  four 
hours  resulted  in  a  mortality  of  13X.  However,  the  addition  of 
20  ml.  of  hemolysed  autogenous  blood  iucreased  this  to  91X.  This 
is  highly  significant  (F^.OOl).  When  flbrinolysin  is  administered 
to  animals  with  an  otherwise  9 IX  fatal  shock,  however,  the  mortal¬ 
ity  la  reduced  to  3SX.  This  was  done  in  paired  experiments  staking 
possible  the  method  of  sequential  sampling  (Fig.  2).  By  following 
the  chart,  (see  Fig.  2)  it  was  possible  to  stop  the  experlsient 
when  statistical  validity  was  attained  (P^.05).  This  is 
otatistically  valid  evidence  that  flbrinolysin  is  effective  in 
treatment  of  this  type  of  shock  in  the  dog.  Groups  4.  5.  and  6 
had  only  heaiolysed  blood  given  without  any  shock  procedure.  It  la 
evident  that  even  100  ml.  of  hemolysed  blood  (compared  with  20  ml. 
adsd.nistered  in  Groups  2  and  3)  is  innocuous  by  itself. 
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In  Group  7  «o  atteapt  to  purify  th«  hemoglobin  from  the 
hemolvEed  blood  vas  not  helpful  in  roduciug  M:)rtalicy.  Xt  was 
somewhat  helpful  In  other  parameters  (see  below)  (Fig.  5).  This 
may  Indicate  that  the  toxic  agent  Is  not  hemoglobin  but  Is  closely 
associated  with  It. 

In  Group  8  It  Is  sho\  n  that  flbrlnolysln  In  the  dosage 
used  produces  no  mortality.  In  Group  9  an  attempt  to  protect  the 
animals  with  heparin  was  unsuccessful  although  as  seen  below,  it 
was  quite  successful  in  preventing  the  fibrinogen  fall.  The  reason 
for  this  la  unknown  but  auy  possibly  be  due  to  a  specific  toxic 
coBiblnatlon  of  heparin  with  hemolysed  blood  or  possibly  to  an  In¬ 
appropriate  heparin  dosage.  Flbrlnolysln  In  combination  with 
hemolysed  blood  Is  innocuous  (Group  10). 

Central  Venous  Pressure.  In  no  case  was  there  any  ele¬ 
vation  of  central  venous  pressure  In  any  group  at  any  tlste  during 
the  eiqierlment  Including  readings  taken  after  the  retransfusion. 

Silicone  Clotting  Tlams.  A  prolonged  silicone  clotting 
time  after  shock  (above  60  minutes)  has  previously  been  shown  to  be 
associated  with  Irreversible  hemorrhagic  shock.  (9)  The  present 
experiments  confirm  this.  In  Group  1,  shock  alone  causes  a 
lengthening  of  clotting  time  but  only  into  the  border  sone  of  55 
minutes.  This  shock  is  usually  not  fatal  (13X).  However,  Group  2 
with  a  mortality  of  91X  shows  a  clotting  time  at  the  end  of  the 
shock  period  of  141  odnutes.  Hesiolysed  blood  alone  will  cause  a 
transient  but  siarked  prolongation  (In  fact  may  never  clot)  but  this 
rapidly  returns  to  normal  within  four  hours  and  Is  not  associated 
with  mortality.  This  happens  only  If  large  amounts  (100  ml.)  are 
given.  Small  amounte  (20  ml.)  as  were  given  to  shocked  animals 
have  no  effect.  The  cause  for  this  prolonged  silicone  clotting 
time  is  obscure.  It  correlates  to  some  extent  with  endogenous 
heparin  (see  below)  but  this  Is  not  the  only  factor.  Silicone 
clotting  times  show  little  correlation  with  glass  clotting  tlsms; 
in  fact  the  glass  time  Is  frequently  normal  when  the  blood  will 
never. clot  in  silicone.  The  blood  can  be  made  to  clot  with  the  ad¬ 
dition  of  almost  anything  (calcium,  particulate  matter,  glass). 

Prothrombin  Times.  These  roughly  parallel  the  silicone 
clotting  times  In  that  those  groups  with  greatly  prolonged  silicone 
clotting  times  also  show  significantly  (P^.Ol)  prolonged  pro¬ 
thrombin  times.  There  is  a  significant  (P^ .01)  difference  between 
the  shocked  animals  given  hemolysed  blood  (Group  2)  and  those  given 
a  purified  hemoglobin  (Group  7).  In  this  parameter  the  purification 
process  seemed  to  attenuate  the  effect  of  hemolysed  blood  sepa¬ 
rating  the  toxic  substance  from  hemoglobin  whereas  It  was  not  sig¬ 
nificant  In  mortality  (see  above).  A  significant  (P^.Ol)  eleva¬ 
tion  In  prothrombin  time  occurs  30  minutes  after  IOC  ml .  of  hemo- 
lyxed  blood  alone  but  this  returns  to  normal  within  four  hours. 


431 


HARDAUAY 


This  parallels  similar  changes  in  the  silicone  clotting  time  and 
the  heparin  level , 

Hematocrit .  The  hesiatocrit  level  fell  in  all  shocked  ani- 
smIs  and  can  be  used  as  a  laeasure  of  hemodilution .  However,  It  is 
felt  that  total  protein  is  a  better  index  of  dilution. 

Total  Protein.  The  protein  level  fell  In  all  shocked 
aniatals,  denoting,  at  least  in  large  part,  s  heLtodilution.  The 
figures  arc  not  listed  here  but  were  used,  for  lack  of  a  better 
method,  for  correcting  the  values  of  fibrinogen  and  platelets 
after  shock  (see  below). 

Fibrinogen .  (Fig.  3)  Fibrinogen  levels  were  corrected 
for  changes  in  dilution  of  the  blood  by  using  the  changes  in  total 
protein  as  an  Index  of  dilution.  The  hematocrit  and  total  protein 
both  fall  precipitously  during  hemorrhage  and  then  rise  slightly 
during  the  shock  period.  This  is  due  no  doubt  at  least  In  part  to 
dilution  of  the  blood  by  extravascular  fluid.  Fibrinogen  values  are 
corrected  by  the  following  formula: 

gm.  total  protein  before  hemorrhage  x  mgX  fibrinogen  after  shock  • 
gm.  total  protein  after  shock 

mgX  fibrinogen  after  shock  corrected  value. 

Fibrinogen  decreases  only  aioderately  (5X)  but  signifi¬ 
cantly  (P  ^.05)  in  shock  alone,  (Fig.  3)  but  decreases  much  more 
(17X)  (P  ^ .01)  when  20  ml.  of  hemolysed  blood  is  injected.  This 
points  toward  the  activation  of  the  clotting  process  by  hemolysed 
blood  which  is  easily  counteracted  when  shock  Is  not  present.  Fib¬ 
rinogen  decreases  markedly  (P<.01)  and  afibrinogenemia  frequently 
results  if  flbrlnolysin  is  given  during  either  shock  or  after  hemo- 
lyxed  blood  or  both,  whereas  the  same  dosage  of  flbrinolysln  alone 
has  signlf leant. ly  less  effect.  This  may  be  explained  as  follows: 
Disseailnated  intravascular  coagulation  (OXC)  causes  a  moderate  fall 
In  fibrinogen  but  never  afibrinogenemia.  However,  some  fibrinogen 
is  converted  to  fibrin  which  is  acted  on  by  flbrinolysln.  This 
keeps  clearing  one  side  of  the  f ibrlnogen<->  fibrin  reection  en¬ 
abling  the  reaction  to  go  to  completion.  Flbrinolysln  in  moderate 
concentration  has  no  effect  on  fibrinogen.  (11)  Fibrinogen  actually 
rises  in  the  presence  of  shock  with  hemolyted  blood  if  heparin  is 
added  to  prevent  Intravascular  clotting  (Fig.  4).  This  is  likely 
due  to  the  rapid  aiobilisatlon  or  aianufacture  of  fibrinogen  under 
the  Influence  of  the  stress  of  shock.  (12)  The  fall  in  fibrinogen 
(which  takea  place  without  heparin)  takes  place  in  the  face  of  this 
mobilisation  or  manufacture.  In  the  present  case  this  manufacture 
probably  exceeds  100  mgX  (25  mgX  per  hour)  during  the  shock  period 
if  it«  prevention  by  heparin  is  taken  as  a  base  line  (Fig.  4).  In 
some  cases  it  may  be  as  great  as  50  mgX  per  hour.  (13)  Other  ex¬ 
periments  (18)  have  shown  that  after  shock,  dogs  elevate  their 
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florlnogen  at  the  rata  of  9  mgX  par  hour  on  the  average  for  24  hgura. 
It  keapa  riaing  for  48  to  36  houra  or  longer.  (12.13) 

Henolyzed  blood  alone  haa  only  a  tranalent  effect  even 
in  doaea  of  100  nl.  (Fig.  3).  Fibrinogen  falla  traneieutly  but  ia 
eaaentially  normal  within  the  4>hour  period.  Purified  hemoglobin, 
while  atill  toxic  in  the  preaent  experimenta,  aeema  lean  ao  than 
whole  hemolyced  blood.  In  fact,  the  purified  product  aa  produced 
for  theae  experimenta  produced  only  a  alight  fall  in  fibrinogen 
(Fig.  5). 

Fibrinogen  valuea  may  fall  due  to  one  or  more  of  the  fol¬ 
lowing  Biechaniama: 

1)  Blood  dilution.  Thia  la  corrected  aa  above. 

2)  Failure  of  fibrinogen  manufacture  due  to  liver  damage. 
Thia  doea  not  atart  to  occur  for  aix  houra  even  in  hepatectomlsed 
dogs.  (15) 

3)  Deatruction  of  fibrinogen  by  fibrinolyain.  This  oc¬ 
curs  only  in  high  levela  of  fibrinolyain  which  were  not  present  in 
theae  experiments  except  in  those  groups  in  which  it  was  adminis¬ 
tered.  Even  this  high  dosage  ia  relatively  ineffective  under  normal 
circumstances  when  there  ia  no  intravascular  coagulation. 

4)  Consuoption  of  fibrinogen  in  an  episode  of  dissemin¬ 
ated  intravascular  coagulation  (DIC).  Thia  apparently  occurs  in 
irreversible  shock.  (3-7) 

Endogenous  Heparin.  (Fig.  6)*  The  appearance  of  endogen¬ 
ous  heparin  is  quite  definite  and  significant  in  the  fatal  shock  of 
Group  2.  It  is  almost  completely  absent  in  controls  which  are  not 
shocked  (Group  6).  It  appears  transiently  after  large  doaea  of 
hemolyced  blood  alone  but  quickly  disappears.  It  seems  to  appear 
as  a  response  to  DIC  and  probably  as  a  protective  mechanism  to  pre¬ 
vent  SIC.  Endogenous  heparin  appears  synchronously  with  prolonged 
silicone  clotting  times  and  prothrombin  times  (see  above).  However, 
it  does  not  account  for  the  changes  in  these  determinations  except 
in  part . 


In 

j  N 

! 

\ 


1 


Platelets .  (Pig.  7).  All  groups  showed  a  decrease  in 
platelets.  This  was  particularly  significant  in  groups  2,  3  and  4. 
The  group  to  show  the  least  fall  was  Group  8,  the  only  group  to 
have  neither  hemolysed  blood  nor  shock.  Thus  it  would  appear  that 
both  heatolysed  blood  and  shock  cause  a  decrease  in  platelets. 

Xearly  all  of  the  past  shock  saisiples  showed  marked  clumping  of  the 
platslets  probably  reflecting  an.  increased  platelet  stickiness, 
ms  Is  possibly  a  stage  in  the  formation  of  platelet  thrombi  which 
occurs  in  DIC.  Platelet  thrombi  are  seen  after  incompatible  blood 
transfusion.  (16)  Platelets  completely  disappear  after  adminis¬ 
tration  of  endotoxin.  (17).  A  decrease  in  platelets  is  a  hallmark 
of  OIC.  (3) 

DISCUSSION 

Bed  cells  contain  an  agent  which  incites  blood 
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coagulation  (I),  Houeysr,  rather  large  acala  MHOljaia  la  hanBlaaa 
under  othervlae  noruel  condlciona.  Tha  intraveaoua  Injection  of 
dlatllled  water  la  hamleaa  to  nomal  fauaana.  (2)  The  only  eliecta 
are  a  tranalent  heattgloblnemia  and  heaioglobliiurla .  Am  was  deaon= 
atratad  In  tha  present  e]q>erlnenta  IQO  nl.  of  aotogeooua  bettolpsed 
blood  produced  no  hamful  reaulta  other  than  a  tranalent,  but  dra- 
Mtlc,  prolongation  in  aillcone  clotting  tlsM,  a  tranalent  endogen¬ 
ous  rise  In  heparin,  aud  a  ailld  and  transient  fall  in  fibrinogen. 
However,  in  the  presence  cf  otherwise  nonfetal  hseiorrhagic  shock, 
even  20  nl.  of  autogenous  henolyaed  blood  is  fatal  in  over  90K  of 
enli'.als.  This  fatal  effect  Is  correlated  with  the  production  of  an 
epi  ode  of  dissenlnated  intravascular  coagulation  (OIC).  (3)  It  is 
postulated  that  the  stagnant  capillary  circulation  of  hesorrhagic 
shock  (4-6)  plus  an  Increase  in  coagulability  of  the  blood  (7,8) 
causes  clotting  of  the  blood  in  the  nlcrocirculation.  Hesvlysis 
■erkedly  assists  this  coagulation  due  to  the  clotting  factor  in  red 
cells.  If  these  clots  persist  long  enough,  nicroscopic  focal  tis¬ 
sue  necrosis  due  to  infarction  results  in  such  vital  organs  as  the 
liver,  kidneys,  paccrees,  heart  and  other  organs.  (9)  The  evidence 
for  the  Die  episode  Is  typical.  (3)  This  includes  the  coagulation 
changes  described  in  the  present  experinents,  naawly,  a  greatly  pro¬ 
longed  silicone  clotting  tiiae,  the  appearance  of  an  endogenous  anti¬ 
coagulant  (heparin)  and  the  decrease  of  all  clotting  eleawnts. 

Those  acasured  in  the  present  experisants  include  fibrinogen,  pro- 
throtsbln,  end  platelets.  Other  experinents  have  also  shown  da- 
erssses  in  factors  V  and  VXl.  (17)  Pall  of  fibrinogen  level  is  due 
to  its  being  consuaed  in  e  procees  of  DIG  axid  in  the  face  of  e  tre- 
■sndous  production  of  fibrinogen  which  occurs  ss  a  result  of  the 
stress  of  heaorrhage  end  shock,  wbich  asy  exceed  the  rate  of  50  agX 
of  fibrinogen  an  hour.  (12,13)  A  significant  fibrinogen  drop  (in 
the  absence  of  large  concent ret ions  of  f ihrinolysin)  is  associated 
with  irreversibility  and  death.  These  results  ere  explained  as.  fol¬ 
lows:  Coagulation  uses  up  the  clotting  eleaents  and  stisMletcs  the 
production  of  an  enticoegulent  in  an  etteapt  to  stop  tbs  process. 
That  the  toxic  effects  of  heaolysed  blood  are  due  to  its  stiaals- 
tion  of  DIG,  is  supported  by  the  protective  effect  that  trestaent 
with  fibrinolysin  has  on  these  eniaels  as  shown  in  the  present  ex- 
periaents.  Heparin  appeared  not  to  be  effective  in  protecting  the 
snlasls  froa  death  but  was  very  effective  in  preventing  the  using 
up  of  fibrinogen.  The  reason  for  this  is  not  known  but  aay  be  due 
to  soae  specific  reaction  of  heparin  end  the  heaolysed  blood  or  due 
to  Inepproprlete  heparin  dosege .  Fibrinolysin  in  large  doses 
destroys  flbrlnogsn  but  in  saslX  dosages  does  not.  (10,11)  Hotiever 
fibrinolysin,  sven  in  saell  dosages,  ceusss  the  elaost  complete 
destruction  of  fibrinogen  in  the  presence  of  shock.  (11)  This 
occurred  In  the  present  experiments  and  is  evident  when  one  cooperes 
the  levels  of  evsn  a  fairly  large  fibrinolysin  dosage  by  itself 
with  the  results  of  the  seme  dosage  in  the  presence  of  shock.  This 
Indicetss  that  while  low  levels  of  fibrinolysin  will  not  attack 
fibrinogen,  that  in  shock  there  is  the  conversion  of  fibrinogen  ell 
or  nett  of  the  way  to  fibrin  (possibly  only  to  aonosier  fibrin)  in 
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•a  •pitod*  of  Die  and  that  tha  flbrlaolyain  than  attacka  tha  fibrin 
anabllng  tha  flbrlnogan-> fibrin  aquation  to  go  to  coaplatlon  with 
tha  almoat  coaplata  daatructlon  of  flbrlnogan.  Thla  fall  In  fib¬ 
rinogen  is  Bora  driaatlc  and  for  a  different  reaaon  than  without  tha 
f Ibrlnolyaln .  It  la  coordinated  with  aurvlval  of  tha  anlaal  wharaaa 
a  laaaar  tut  algnlf leant  rail  In  flbrlnogan  without  f Ibrlnolyaln  la 
coordlnatad  with  daath  in  Irrevaralbla  ahock. 

An  attaapt  waa  aada  to  laolata  tha  toxic  factor  in  haao- 
lyaad  blood.  It  la  believed  not  to  be  haaoglobln.  Adalnlatratlon 
of  an  equivalent  quantity  of  autoganoua  heooglobln  (to  20  cc .  of 
haaolyaad  blood)  waa  auch  laaa  affective  In  producing  tha  changea 
In  tha  blood  clotting  Mchanlaa  and  alao  waa  laaa  lethal.  Tha  toxic 
factor  aaaaad  to  be  located  In  tha  chlorofom  extracted  f  .‘action  and 
la  probably  a  lipoprotein.  Thla  problan  la  being  %rorked  on  further 
in  this  laboratory. 

SmttAKY  AND  (XWCLUSIOHS 

1)  A  aaall  amount  (20  ml.)  of  endogenoua  heaolyzed  blood 
cauaea  an  Increaae  In  mortality  of  doga  In  hemorrhagic  ahock  from 
13X  to  91%. 

2)  Thla  lethal  effect  la  due  to  the  atlmulatlon  by  heap- 
lyccd  blood  of  dlaaemlnated  Intravaacular  coagulation  (DIC)»  (3) 
which  la  alao  atlaulated  by  hemorrhage  and  ahock.  The  lethal  factor 
la  a  clotting  factor  In  the  red  cell. 

3)  Large  aaounta  (100  ml.)  of  hemolyaed  blood  alone  la 
harmleaa,  but  even  a  aaall  amount  (20  ml.)  la  lethal  In  the  preaence 
of  ahock. 

4)  Heaolyzed  blood  cauaea  the  converalon  of  fibrinogen 

to  fibrin. 

5)  Flbrlnolyaln  will  prevent  death  in  irreversible  heaor- 
rhaglc  ahock  both  aa  produced  by  hemorrhage  alone  (10)  or  aa  In¬ 
fluenced  by  heaolyzed  blood. 

6)  Endogenoua  heparin  la  atlaulated  by  DlC  which  la  pro¬ 
duced  cither  by  hemorrhage  alone,  heaolyzed  blood  alone,  or  by  a 
combination  of  both.  It  la  probably  a  protective  aiechanlaa. 

7)  A  markedly  prolonged  alllcone  clotting  time  occurring 
during  heaorrhaglc  ahock  la  an  accurate  prognoatlcatlon  of 
Irreveralblllty . 

8)  Irreversibility  la  correlated  with  a  fibrinogen  fall, 
when  the  fibrinogen  fall  la  due  to  conauaptlon  In  DIC. 

9)  Central  venoua  presaure  la  not  elevated  even  though 
the  ahock  la  proven  to  be  Irreveralble . 

10)  Irreveralblllty  la  due  to  an  eplaode  of  DIC.  (3) 
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li&i-  lA.  On  the  left  are  three  blood  aamples  taken  from  a  dog  sub¬ 
jected  to  100  blows  of  a  padded  mallet  on  one  thigh.  The  first  tube 
was  drawn  before  the  trauma,  the  second  tube  30  minutes  lollowing 
the  trauma,  and  the  third  tube  48  hours  after  the  trauma.  Note  that 
hemolysis  which  was  only  mild  right  after  the  trauma  had  increased 
markedly  by  the  end  of  two  days.  This  is  thought  to  be  due  to  ab¬ 
sorption  of  hematoma  and  ecch3niiosis  probably  via  lymphatics.  If  no 
hemolyaed  blood  had  been  absorbed,  the  mild  hemolysis  shown  in  the 
second  tube  would  have  completely  disappeared  by  48  hours.  On  the 
right  are  two  tubes  drawn  before  and  after  the  administration  of  20 
ml.  of  autogenous  blood  which  had  been  frosen  and  thawed.  Note  that 
the  amount  of  hemolysis  48  hours  after  trauma  and  imnediately  after 
the  administration  of  20  ml.  of  hemolyaed  blood  is  approximately  the 
same. 


Fig,  IB.  Three  specimens  of  blood  taken  from  a  Group  4  dog  given 
hemolyzed  blood  alone  without  any  shock  procedure.  The  first  tube 
was  drawn  before  administration  of  hemolyzed  blood,  the  second  tube 
was  drawn  30  minutes  after  administration  of  hemolyzed  blood,  and 
the  third  tube  four  hours  after  administration  of  hemolyzed  blood. 
Note  that  there  is  dramatic  clearing  of  the  hemoglobinemia  during 
the  4-hour  period.  This  clearing  corresponds  to  the  recovery  towards 
normal  of  the  corresponding  changes  in  fibrinogen,  clotting  time  and 
endogenous  heparin. 
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.  2.  Statistical 
traatownt  of  survival  of 
paired  Gp.  2  and  Gp«  3 
doga.  One  of  each  pair 
(Gp.  3)  vaa  given  flbrlno- 
^  lyaln  wharaaa  Ita  mate 
(Gp.  2)  had  none.  A  line 
\  la  atarted  at  the  left  of 
»  the  heavy  horlaontal  line. 
If  there  waa  a  difference 
in  the  outcome  betvecn  the 
two  dogs  a  Line  vaa  dravn 
one  square  to  the  right 
and  either  up  or  down  according  to  the  results.  If  the  treated  dog 
survived  ard  the  untreated  one  died,  the  line  waa  up  and  to  the 
right  one  square.  If  the  reverse  happened  the  line  was  drawn  to  the 
right  and  down  one  square.  If  both  dogs  had  the  same  outcome  no 
entry  waa  made.  If  the  line  thus  produced  crosses  the  5%  signifi¬ 
cance  line,  the  result  Is  significant  at  the  5%  level.  The  numbers 
adjacent  to  the  'ndlvidual  entries  refer  to  the  numbers  of  pairs  of 
dogs  required  to  attain  that  position.  The  omitted  numbers  were 
those  showing  no  difference  in  their  outcome. 


FlBHlNOtYSIN  PROTCCTtON 
SIGNIFICANCE  CHART  FOR  S0%  AOMANTAQE 


X  fibrinogen  change.  All 
values  have  been  corrected 
for  blood  dilution  using 
the  total  protein  method  as 
described  in  the  text. 

There  Is  a  mild  but  sig¬ 
nificant  fall  in  fibrinogen 
in  the  group  subjected  to 
shock  alone  (Gp.  1).  This 
shock  is  in  most  cases 
reversible.  However,  there 
is  a  much  more  dramatic 
fall  In  fibrinogen  In  those 
dogs  given  hemolyxed  blood 
and  subjected  to  shock  (Gp. 
2),  and  which  procedure 
resulted  in  death  in  most 
cases.  There  is  a  sig¬ 
nificant  difference  in  this 
fall  between  groups  1  and  2. 

100  ml.  of  hemolyxed  blood  alone  without  any  shock  procedure  (Gp.  4) 
resulted  in  an  insaedlate  significant  decrease  in  fibrinogen  but  this 
had  returned  to  normal  levels  by  the  end  of  a  4''hour  period.  This 
reflects  an  immediate  conversion  of  fibrinogen  to  fibrin  by  the 
hemolyxed  blood  but  the  deficiency  is  quickly  made  up  because  no 
further  intravascular  clotting  was  taking  place. 
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n)  Fig,  4.  Fibrinogen  levels  of 
some  of  Che  groups.  Dogs  sub¬ 
jected  to  hefficrrhegic  chock 
After  edminlatretlon  of  20  vl. 
of  henolyced  blood  (Gp.  2) 
show  e  Qoderete  end  signifi¬ 
cant  decrease  in  fibrinogen 
at  the  end  of  the  shock 
period.  If  heparin  is  ad- 
ffiinlscered  to  dogs  subjected 
to  this  eaiM  procedure  (Gp.  9) 
there  is  an  actual  increase  in 
fibrinogen  over  the  period  of 
shock.  If  one  assuiees  that 
the  heparin  prevents  in  part 
the  conversion  of  fibrinogen 
to  fibrin,  then  by  subtrac¬ 
tion  one  can  say  that  approxi¬ 
mately  114  mgX  of  fibrinogen 
were  converted  to  fibrin  in 
the  nonheparinlsed  group.  The 
Increase  in  fibrinogen  in  the 
heparinlaed  group  is  accounted 
for  by  Che  manufacture  or 
mobilisation  of  new  fibrino¬ 
gen. 


Fig.  5.  Fibrinogen  levels  of 
some  of  the  groups.  Hemor¬ 
rhagic  shock  after  the  admin¬ 
istration  of  20  ml.  of  hemO- 
lyzsd  (Gp.  2)  blond  causes  a 
moderate  but  significant  fall 
in  fibrinogen.  However,  if 
instead  of  whole  hemolysed 
blood,  an  equivalent  quantity 
of  hemoglobin  purified  from 
autogenous  blood  is  adminis¬ 
tered  there  is  only  a  slight 
and  nonsignificant:  decrease  in 
fibrinogen  as  a  result  of 
hemorrhagic  shock. 
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Fta.  6.  Kndogcnoul  hep¬ 
arin,  Endogenous  heperln 
appeared  in  all  groups 
subjected  to  heaorrhaglc 
shock.  There  was  a  slg- 
-  w^f^cant  level  of  endogen- 
Qus  hepar'n  ptv  uced 
particularly  In  those  dogs 
subjected  to  hemorrhagic 
shock  after  administration 
of  20  cc.  of  hemolyied 
blood  (Gp,  2).  Dogs 
given  flbrlnolysln  alone 
(Gp.  8)  showed  no  endogen- 
pus  heparin.  The  adminis¬ 
tration  of  100  ml.  of 
hemolyeed  blood  alone  (Gp. 
"*£H*'**~  4)  without  shock  caused 

the  Imnedlate  development 
of  significant  quantities 
of  endogenous  heparin  at 
30  minutes  but  this  had  disappeared  by  the  end  of  four  hours.  This 
parallels  the  changes  in  fibrinogen  and  silicone  clotting  time  in 
this  same  group. 
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let  changes. 

All  groups 
showed  some 
decrease  in 
platelets.  The 
group  subjected 
to  flbrlnolysln 
alone  (Gp.  A) 
showed  only  a 
slight  and  in¬ 
significant 
fall.  However, 
Che  group  sub¬ 
jected  to  ir¬ 
reversible 
hemorrhagic 
shock  (Gp.  2) 
showed  a  marked 

and  significant  decrease.  All  dogs  subjected  to  hemorrhagic  shock 
shoved  marked  cltsuplng  of  the  platelets  at  the  end  of  the  shock 
period  possibly  reflecting  an  increased  platelet  stickiness. 
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FRICTION  HYDRO  PNEUMATIC  SUSPENSION  SYSTEM 


MAJOR  WILLIAM  J.  HART  JR,  ORDNANCE  CORPS 
ROBERT  J.  OTTO  and  ALEX  H.  SINCLAIR 
U.  S.  ARMY  TANK.AUTOMOTIVE  CENTER 
WARREN.  MICHIGAN 

BACKGROUND 

Mobil ity  has  bean  •  key  factor  In  many  historic  victories 
and  defeats  throughcut  the  history  of  warfaret  The  defeat  of  France 
In  1940  can  be  attributed  primarily  to  the  rapid  employment  of 
German  armored  and  mechan1?ed  forces  that  spearheaded  the  attack  and 
achieved  surprise.  The  excellent  roadnets  of  Western  Europe  and 
favorable  terrain  en/;bled  these  units  to  move  rapidly  to  their  ob> 
jectlves  and  maintain  an  effective  supply  lino.  However,  similarly 
equipped  units  were  defeated  decisively  in  Russia,  where  deep  mud 
hindered  tactical  movement  and  adequate  roads  were  either  nonexistent 
or  overloaded.  Even  the  brilliant  penetrations  of  General  Patton's 
Third  Army  were  dependent  principally  on  the  existence  of  good  road- 
nets,  and  at  the  end  of  World  War  II,  the  mobility  of  armored  and 
mechanized  units  still  depended  to  a  great  extent  on  the  availability 
and  the  condition  of  roads.  During  the  post-war  period,  greater 
emphasis  was  placed  on  the  achievement  of  a  higher  degree  of  ground 
mobility.  This  objective  is  particularly  important  when  it  is  con¬ 
sidered  that  there  are  vast  land  areas  of  the  world  where  few  roads 
exist  and  destruction  resulting  from  the  use  of  nuclear  weapons  may 
make  the  use  of  existing  roads  impossiole. 

Military  requirements  generated  by  the  combat  arms  generally 
reflect  the  need  for  tactical  vehicles  that  are  capable  of  achieving 
good  cross-country  speeds  over  all  types  of  terrain,  as  well  as  other 
mobility  criteria  such  as  swimming,  deep-water  fording,  and  air  trans¬ 
portability.  The  U.  S.  Army  Tank  Automotive  Center,  through  its  re¬ 
search  and  engineering  facilities,  and  in  coordination  with  other 
research  and  development  agencies,  is  working  toward  the  solution  of 
many  technical  problems  which  must  ho  overcome  in  order  to  equip  com¬ 
bat  forces  with  vehicles  which  will  provide  a  high  degree  of  mobility 
under  a  wide  variety  of  terrain  conditions. 
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On*  vahfcl*  component  th*t  tIgnffIcAntly  Hmft*  th*  acHUv** 
Niant  of  good  cross-country  sp**ds  U  th*  susp*nsfon  syst*m.  Evan  to¬ 
day,  tylth  th*  many  tachnologf c*t  advancas  that  hav*  b**n  msd*  In  th* 
d*sfgn  of  autotaotiv*  coinponants,  th*  sp**d  of  a  tank  ganarally  do*s 
not  oxcaod  5*7  mflas  par  hour  ovar  axtramely  rough  tarrain  bacaus* 
of  undasirabla  vahicta  vibration  characteristics  at  higher  speeds. 

Under  the  direction  of  the  womponants  Research  and 
Oevatopmant  Laboratorias,  U.  S.  Army  Tank  Automotive  Canter,  an  ax- 
tansiv*  engineering  investigation  of  suspension  systems  m*s  initiated 
In  order  to  more  clearly  define  the  dynamic  relationships  between  a 
vehicle  end  th*  terrain  over  which  it  aaist  travel,  and  to  establish 
parameters  which  can  be  applied  directly  to  vehicle  design  toward 
achieving  a  significant  improvement  in  vehicle  cross-country 
mobi lity. 

DESIGN  PARAMETERS 

Current  research  in  the  field  of  vehicle  dynamics  indicates 
that  the  ability  of  a  vehicle  to  traverse  rough  terrain  rapidly  is 
dependent  primarily  on  vehicle  vibration  characteristics  which,  in 
turn,  are  related  to  spring  rate,  damping,  vertical  wheel  travel, 
and  contour  cf  the  ground  wave.  There  are  other  parameters  such  as 
angle  of  approach,  angle  of  departure,  weight  distribution  and  track 
configuration  which  influence  obstacle  and  soft-soil  performance. 

Effective  operation  of  a  tank  is  limited  significantly  by 
oscillation  about  the  transverse  axis  (pitch  axis)  located  directly 
below  the  center  of  gravity  of  the  vehicle  at  the  level  of  the  wheel 
hub.  Vehicle  pitching,  induced  by  terrain  irregularities.  Imposes 
severe  limitations  on  the  ability  of  the  crew  to  perform  their 
duties  effectively,  end  particularly  limits  the  use  of  optical  in¬ 
struments  for  observation  and  target  acquisition.  Also,  vehicle 
pitching  Interferes  with  efficient  performance  of  other  operations 
such  as  driving,  and  gun  loading,  and  may  result  in  personnel  in¬ 
juries  and  premature  failure  of  vehicle  components.  Cross-country 
speeds,  therefore,  have  been  limited  generally  to  10  miles  per  hour 
or  less  in  order  to  retain  a  reasonable  degree  of  combat  effective¬ 
ness.  To  remove  or  significantly  diminish  these  limitations,  it  is 
necessary  to  obtain,  through  proper  design  end  selection  of  com¬ 
ponents,  better  vehicle  vibration  characteristics  where  the  pitch 
'ngle  decreases  as  speed  increases,  and  a  level  of  vertical  and 
angular  acceleration  is  maintained  as  low  as  possible  when  tra¬ 
versing  a  given  piece  of  terrain.  This  can  be  accomplished  to  some 
extent  by  decreasing  the  vehicle  natural  frequency,  thereby  de¬ 
creasing  the  resonance  speed  over  a  given  ground  wave. 

Because  the  natural  freouency  of  pitch  (f|)  is  directly 
proportional  to  the  spring  rate  (k)  (Figure  la),  it  is  apparent  that 
a  reduction  in  the  spring  rate  will  result  in  a  corresponding 
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raductlon  In  tha  natural  pitch  fraquancy.  Sinca  a  ilmllar  ralatlon- 
ship  axiatt  batwaan  tha  natural  fraquancy  of  bounca  (fy)  and  tha 
spring  rata  (k)  (Rigura  lb),  tha  natural  fraquancy  of  oounca  will  ba 
raducad  alto.  If  tha  spring  rata  Is  raducad.  Tha  salactlon  of  a 
soft  spring  has  some  I  Ini tatlons,  howavar,  and  thasa  I loltatf orts 
nuist  ba  takan  Into  account,  or  tha  advantagas  gained  by  Towaring  tha 
natural  fraquancy  will  ba  countaractad  by  tha  craatlon  of  conditions 
which  arc  undasirabla. 
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FIGURE  I  -  SIMPLE  VIBRATION  SYSTEM 

If  a  low  spring  rata  Is  used  without  proper  damping,  a  single  Im¬ 
pact,  such  as  firing  tha  main  armament  or  passing  a  single  obstacle, 
may  cause  prolonged  oscillation.  Although  a  soft  spring  will  allow 
the  wheels  to  move  freely  over  minor  surface  Irregulari ties  without 
disturbing  the  vehicle  hull  significantly.  It  may  not  be  capable  of 
absorbing  the  kinetic  energy  transmitted  by  high-impact  loads  with¬ 
out  bumpout.  In  order  to  achieve  a  significant  measure  of  Improve¬ 
ment  In  vibration  characteristics.  It  Is  necessary  to  determine  the 
optimum  combination  of  springing  and  damping  characteristics  for 
maximum  performance.  Either  a  variable  spring  rate,  variable 
damping,  or  both  appear  to  be  desirable  In  order  to  provide  a  sus¬ 
pension  system  sufficiently  versatile  so  that  its  vibration 
characteristics  can  be  optimized  to  suit  n  particular  vehicle  appli¬ 
cation  and  operational  environment. 

Analysis  of  vehicle  ride  dynamics  Indicated  that  a  suspen¬ 
sion  system  incorporating  a  low  spring  rate  and  a  vertical  wheel 
travel  of  approximately  l6  Inches  would  enable  a  40-^5  ton  tank  to 
traverse  rough  terrain  at  speeds  of  2^4-27  miles  per  hour.  Initial 
Investigations  were  limited  to  the  use  of  metallic  springs  which. 
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wh«ni  dttigntd  to  provfdo  tho  nocossary  choroctor Ii>t1c«,  roqutrod  an 
axcassiva  amount  of  crUtcal  hull  »paca.  Tha  uaa  of  axtarnal  shock 
absorbars  craatad  additional  hull  drag  which  would  dagrada  vahlcla 
performanca  In  daap  mud. 

Tha  aim  of  ATAC'a  currant  davalopmant  program  was  to  pro- 
vIda  an  Intagratad,  multlpla  function,  compact,  llght-walght  suspan- 
slon  systam.  Tha  rasulting  dasign  charactarl sties  Included  Intarnal 
oamplng,  a  low  spring  rata,  variable  ground  clearance,  suspension 
lockout  and  a  14-16  Inch  wheal  travel.  In  order  to  accomplish  these 
objectives,  non-metal  He  springs  were  Included  In  tha  analysis.  As 
a  result,  the  hydropneumatlc  spring  emerged  as  the  media  which 
offered  tha  greatest  potential  within  tha  present  state  of  the  art 
because  of  Its  Inherent  high-energy  storage  capacity  and  nonlinear 
spring  rata. 

Since  the  hydropneumatlc  spring  adheres  to  tha  Gas  Laws 
and  closely  approximates  an  adiabatic  process  (PV'  ~  Constant),  gas 
pressure  Increases  exponentially  as  Increasing  wheel  forces  are 
transmitted  to  the  springi 


Wheel  deflection  can  be  related  directly  to  a  change  In  gas  volume 
by  use  of  a  linkage  between  the  suspension  arm  and  the  spring j 
therefore,  the  spring  rate  (k)  Is  proportional  to  the  static 
pressure  (Pj)  and  the  change  in  gas  volume 


In  order  to  transmit  wheel  forces  to  the  spring  and  pro¬ 
vide  a  means  of  damping,  a  three-vaned  hydraulic  rotary  actuator 
offered  several  advantages.  The  torque  capacity  of  a  vane- type 
rotary  actuator  Is  proportional  to  the  total  vane  area,  the  mean 
radius  of  the  vanes,  the  number  of  vanes  and  the  hydraulic  pressure. 

(3)  T-PARall 

A  three-vaned  actuator  provides  high  torque  capacity  in  a  compact 
unit  without  developing  excessive  hydraulic  pressures.  Further  In¬ 
crease  in  the  number  of  vanes  sfoutd  not  provide  sufficient  angular 
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deflection,  and  consequently  would  limit  vertical  wh'^el  travel. 

The  use  of  a  hydraulic  rotary  actuator  enables  the  spring  character* 
1  sties  to  be  varied  by  rotating  the  roadarms,  thereby  varying  the 
vehicle  ground  clearance  and  the  static  pressure  In  the  spring. 

DEVELOPMENT 

The  development  of  a  tank  suspension  system  based  upon  the 
rotary  hydropneumatic  machinery  was  Initiated  In  I960.  The  design 
began  with  an  8100  pound  static  wheel  load  and  dynamic  loads  of  over 
100,000  pounds.  Four  automatically  controlled  operating  heights 
were  to  be  provided,  and  a  vertical  wheel  travel  of  14>18  Inches  was 
required,  using  a  I6-Inch  roadarm  and  33-Inch  diameter  roadwheels. 

Allowing  the  necessary  space  for  porting  and  for  the 
physical  size  of  the  vanes.  It  was  determined  that  73^  of  rotation 
could  be  obtained  from  a  three-vaned  hydraulic  rotary  actuator  with¬ 
out  physical  contact  between  movable  and  fixed  vanes.  An  angular 
displacement  of  73°  resulted  In  a  total  vertical  wheel  travel  of 
18.4  Inches  (Figure  2).  Four  operating  positions  were  selected 
within  the  73°  limit  in  order  to  provide  some  variation  of  wheel 
travel  and  vehicle  ground  clearance.  Neglecting  friction,  and 


FIGURE  2  -  VERTICAL  WHEEL  TRAVEL 

using  a  rotary  actuator  9  Inches  In  diameter,  calculations  revealed 
that  a  torque  of  64,000  Ib.-ln./psl.  could  be  developed,  and  that  a 
total  of  81.5  cu.  In.  of  oil  would  be  displaced  If  the  total  angular 
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ditplacwnant  of  73^  w«r«  utod.  Attumfng  «  9S%  nwchanlcol  offlcloncy 
For  tho  rotary  actuator,  tha  maximum  torqua  raquirad  to  lift  the 
vahicia  occurs  In  position  number  1  (Figure  ?)  where  the  roadarm  Is 
almost  horizontal  and  creates  the  longest  lever  arm.  In  this  posi¬ 
tion  135,800  1b. -In.  are  required  to  lift  the  vehicle,  resulting  In 
a  requirement  for  a  2110  psi  hydraulic  pressure.  Position  number  1 
can  maintained  with  only  1915  psI,  since  friction  helps  to  support 
the  vehicle.  A  3OOO  psi  pressure-compensated  hydraulic  pump  with  a 
maximum  flow  of  28.5  gallons  per  minute  at  full  flow  was  selected  to 
supply  the  system.  Since  the  maximum  oil  capacity  of  a  single 
actuator  Is  0I.5  cu.  In.,  and  the  maximum  lift  pressure  Is  2110  psi, 
the  pump  Is  capable  of  raising  the  vehicle  rapidly.  To  ralsa  the 
vehicle  from  the  upstop  to  position  number  4  (69^)  requires  77  cu. 

In.  of  oil  per  actuator.  The  necessary  oil  can  be  supplied  by  the 
pump  In  less  than  7  seconds,  with  the  pump  running  at  2700  rpm. 

Design  of  the  hydropneumatic  spring  was  governed  by  several 
consi derations! 

1.  The  oil  capacity  required  Is  8l .5  cu.  In. 

2.  The  Initial  gas  precharga  should  be  a  minimum. 

3.  Maximum  dynamic  pressure  should  be  limited  to 
about  6000  psi . 

U,  The  free  piston  type  accumulator  should.  If 
possible,  fit  Inside  the  arm  shaft  in  order  that  the  complete  sus¬ 
pension  unit  might  be  constructed  as  a  package. 

5.  Adiabatic  gas  compression  would  be  assumed. 

Calculations  were  made  for  all  wheel  positions  using  the  following 
relationships  and  using  a  maximum  gas  volume  of  132  cu.  In.  and 
assumed  precharges  (Figure  3}: 


VHICN  i$  DERIVED 
FROM  TNE  REUTIOi: 


By  calculation,  computer  simulation  and  laboratory  test  It  was  de¬ 
termined  that  a  gas  precharge  of  1350  psi  would  be  suitable,  since 
It  resulted  In  a  maximum  pressure  of  6620  pal,  which  Is  close  to  the 
specifications  established.  Lower  peak  pressures  can  be  obtained 
but  higher  precharges  would  be  required.  Using  the  data  already 
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•»t«bHsh«d,  the  spring  rate  curves  for  each  oparating  position  were 
calculated  and  plotted  (Figure  4). 

Damping  In  rebound  Is  achieved  by  passing  oil  through  a 
fixed  orifice  damping  valve.  The  valve  chosen  was  selected  primarily 
from  experience  gained  In  other  hydraulic  applications,  and  Its 
adequacy  Is  to  be  determined  through  tests  of  the  complete  system. 
Cetculated  spring  rates  In  the  vicinity  of  the  static  position  were 
on  the  order  of  350-900  1b/1n,  depending  upon  the  position  of  the 
roadarm,  and  calculated  vehicle  natural  frequencies  were  on  the  order 
of  39-62  cycles  per  minute. 

The  components  described  above  were  fabricated,  subjected 
to  laboratory  tests  and  Installed  In  a  test  vehicle.  Eerly  proto¬ 
types  used  external  accumulators,  but  redesign  In  early  stages  of 
development  resulted  In  the  configuration  shown  In  Figure  5.  The 
need  for  a  stable  firing  platform  for  the  main  armament  and  a  means 
of  preventing  Immobilization  of  the  vehicle  due  to  hydraulic  failure 
precipitated  the  development  of  a  friction  brake  system.  This 
system  provides  an  additional  capacity  for  absorbing  great  dynamic 
loads  Imposed  on  front  and  rear  wheels  when  traversing  rough  terrain 
at  high  speeds. 

The  first  redesign  resulted  In  the  addition  of  friction  disc 
brake  units  to  front  and  rear  suspension  units  as  shown  In  Figure  6. 
During  the  final  7^  of  upward  travel  of  the  roadarm,  a  cam  on  the 
arm  shaft  causes  the  brake  piston  to  displace  approximately  3  cu.  cm. 
of  oil  Into  an  annular  cavity  behind  a  ring-type  piston,  thereby 
raising  the  oil  pressure  to  approximately  1400  psi  and  engaging  the 
friction  discs.  The  brake  unit  Is  capable  of  absorbing  700,000  1b~1n 
of  torque,  thereby  reducing  the  kinetic  energy  transmitted  to  the 
hull.  Approximately  one  half  of  the  bumpout  energy  Is  absorbed  In 
the  brake  unit,  and  the  remainder  Is  divided  between  the  hydro- 
pneumatic  spring  and  the  solid  metal  bump  stop.  An  important  func¬ 
tion  of  the  brake  unit  is  to  provide  a  means  of  locking  the  suspen¬ 
sion  in  a  selected  position  to  provide  a  rigid  firing  platform  for 
the  vehicle  weapons  system.  Actuation  in  this  mode  Is  accomplished 
by  applying  oil  pressure  directly  to  the  brake  piston  by  means  of  an 
external  control  valve.  Pressure  is  maintained  by  an  accumulator 
during  periods  in  which  the  hydraulic  pump  Is  Inoperative. 

Oil  entering  or  leaving  the  hydropneumatic  spring  passes 
through  a  fixed  orifice  damping  valve  which  Is  designed  to  provide 
damping  In  rebound  only.  Wheel  movement  induced  by  terrain  rough¬ 
ness  results  In  the  transfer  of  oil  from  the  actuator  to  the  hydro- 
pneumatic  spring  (through  the  damping  valve  In  which  the  poppet  Is 
unseated)  allowing  relatively  unrestricted  flow.  In  rebound,  the 
poppet  Is  seated  and  oil  returning  to  the  actuator  Is  forced  through 
a  series  of  small  orifices  to  provide  the  necessary  damping. 
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EVALUATION  AND  TESTING 


Cof!?puter  simulations  conducted  at  the  U*  S.  Army  Tank 
Automotive  Center  enabled  a  preliminary  technical  evaluation  to  be 
made  prior  to  actual  on-vehicle  tests.  Using  an  analog  computer  and 
terrain  traces  of  the  Perryman  Cross-country  Course  at  Aberdeen 
Proving  Ground,  a  constant-speed  evaluation  was  made  of  two  equally- 
weighted  vehicles.  One  vehicle  was  equipped  with  the  Friction  Hydro 
Pneumatic  Suspension  and  the  other  with  the  current  production  tor¬ 
sion  bar  suspension.  The  results  confirm  the  fact  that  a  signifi¬ 
cant  reduction  In  pitch  and  bounce  vibration  can  be  expected  at 
speeds  of  25  miles  per  hour  using  the  Friction  Hydro  Pneumatic 
Suspension.  A  sample  of  the  results  Is  snown  in  Figure  7.  Since 
It  was  necessary  to  make  numerous  assumptions  In  order  to  program 
the  computer,  it  was  considered  essential  to  determine  the  suspen¬ 
sion  char.«cter1  sties  by  on-vehicle  testing. 

In  order  that  test  conditions  could  be  repeated,  a  test 
course  was  constructed  using  a  prepared  roadway  and  rigid  obstacles 
which  varied  in  height  from  6  Inches  to  12  Inches.  Obstacles  were 
spaced  20  feet  apart,  since  this  was  considered  to  be  the  worst  con¬ 
dition  for  the  vehicles  being  evaluated.  Two  tanks  sprung  with  tor¬ 
sion  bars  and  one  tank  sprung  with  the  Friction  Hydro  Pneumatic 
Suspension  were  used.  The  objective  of  the  evaluation  .^as  to  deter¬ 
mine  the  maximum  speed  that  each  vehicle  could  achieve  over  a  series 
of  10  obstacles  of  a  given  height,  spaced  20  feet  apart.  Instrumen¬ 
tation  was  Installed  In  order  to  record  vertical  and  pitch  acceler¬ 
ations,  pitch  angles  and  vehicle  speed.  Only  experienced  drivers 
v/ere  used  and  the  limit  of  each  vehicle  was  determined  by  the 
ability  of  the  driver  to  maintain  control  of  the  vehicle.  The  three 
test  vehicles  were  run  over  courses  consisting  of  6-1nch,  8-1nch  and 
12-inch  obstacles  in  speed  Increments  of  5  miles  per  hour. 


In  order  to  provide  some  criteria  against  which  the  vibra¬ 
tion  characteristics  could  be  measured.  It  was  necessary  to  esta¬ 
blish  a  level  of  pitch  amplitude  and  vertical  acceleration  which 
would  be  considered  acceptable  for  effective  operation  of  the  vehi¬ 
cle.  A  review  of  the  research  in  the  field  of  vehicle  dynamics  con¬ 
ducted  by  Lehr  In  Germany'^^  revealed  that  vertical  acceleration  in 
excess  of  0.4g  (12.9  ft/sec2)  would  interfere  with  efficient  use  of 
optical  Instruments  of  the  tank's  fire  control  system  and  that  pitch 
amplitude  should  be  reduced  to  approximately  +2o  using  the  proper 
arrangement  of  springing  and  damping.  The  criteria  of  0.4g  (12.9 
ft/sec2)  falls  within  the  "discomfort  zone"  (l0-|i*  ft/sec2).(2y 


The  criteria  established  for  this  suspension  evaluation  was 
established  as  10  ft/sec2  or  less  for  effective  tank  operation  since 
It  coincides  very  closely  to  the  criteria  established  by  Lehr  and  Is 
also  the  lower  limit  of  discomfort.  A  total  pitch  angle  of  4o  was 
arbitrarily  selected  as  an  acceptable  limit,  however.  It  Is  an¬ 
ticipated  that  this  criteria  will  be  more  accurately  determined  by 
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a  more  datailad  analysis  of  tha  human  fact.><s  Involvad,  as  wall  as 
tha  physical  capabilities  ot  tha  optical  Instrumants  used  In  tha 
tank. 

Although  evaluation  of  the  friction  Hydro  Pneumatic 
Suspension  System  has  not  been  completed,  the  results  achieved  to 
date  are  significant.  Maximum  speed  of  the  control  vehicles  sprung 
by  standard  production  torsion  bars  was  found  to  be  limited  to 
approximately  11  miles  per  hour  over  a  course  consisting  of  10  six- 
inch  obstacles,  spaced  20  feet  apart.  At  this  speed  pitching  was  so 
violent  that  drivers  were  unable  to  maintain  control  of  the  vehicles 
and  experienced  difficulty  In  remaining  seated  even  with  the  aid  of 
seat  belts.  The  vehicle  sprung  with  the  Friction  Hydro  Pneumatic 
Suspension  System  negotiated  the  course  at  the  maximum  speed  that 
could  be  achieved  by  Its  power  plant,  22  miles  per  hour,  without 
causing  the  driver  to  experience  difficulty  In  steering  or  control. 
Testing  was  repeated  using  8-1nch  and  I2-Inch  obstacles.  Although 
maximum  speeds  were  reduced  as  the  obstacle  size  was  Increased,  the 
differential  In  speed  capability  remained  approximately  the  same 
(Figure  8),  even  though  the  gross  power -to-welght  ratio  of  one  of 
the  control  vehicles  was  50%  greater  than  the  Friction  Hydro 
Pneumatic  test  vehicle.  The  second  control  vehicle  had  an  equal 
power -to-welght  ratio.  An  advantage  in  pc wer- to-welght  ratio  did 
not  seem  to  affect  the  results  significantly. 

Analysis  of  the  data  recorded  revealed  that  over  the  six- 
inch  obstacles,  pitch  angles  remained  at  a  low  level  (<3°)  on  the 
Hydro  Pneumatic  test  vehicle  throughout  the  speed  range  (0-22  miles 
per  hour).  Pitch  acceleration  also  remained  at  a  low  level  (<5 
rad/sec^).  The  best  performance  achieved  by  the  control  vehicles 
resulted  in  pitch  angles  and  pitch  accelerations  so  high  (l6.6o  and 
11  rad/sec^)  that  the  driver  was  unable  to  pass  the  resonance  speed 
(Figure  9).  Vertical  accelerations  recorded  show  the  same  general 
characteristic  (Figure  10).  If  the  criteria  for  effective  operation 
of  the  vehicle  Is  established  at  12.9  ft/sec'^,  as  suggested  by  Lehr, 
the  Friction  Hydro  Pneumatic  test  vehicle  remains  effective  through¬ 
out  the  speed  range  (0-22  mph)  v<h1le  the  control  vehicles  become 
Increasingly  Ineffective  at  approximately  10  miles  per  hour. 

It  is  difficult  to  measure  a  vehicle's  total  effectiveness, 
however,  because  of  the  many  human  and  mechanical  variables  Involved. 
In  order  to  present  an  objective  evaluation,  no  definite  cutoff  Is 
shown  in  Figure  10  and  only  a  gradual  decrease  In  effectiveness  Is 
shown  for  accelerations  above  10  ft/sec^.  Vibrations  Increased  In 
magnitude  as  the  size  of  the  obstacles  was  Increased,  but  In  all 
cases  the  Friction  Hydro  Pneumatic  test  vehicle  was  capable  of  ne¬ 
gotiating  the  course  at  higher  speeds  than  the  control  vehicles. 

The  evaluation  is  continuing  In  order  to  determine  the  per¬ 
formance  limits  when  wave  length  and  amplitude  of  the  ground  wave 
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•r«  not  constant.  Data  collactad  during  this  avaluetion  will  ho 
applied  to  tha  dovolopmant  of  other  vehicle  suspension  systems  Where 
high  crotft'country  speed  is  a  required  cheracteri Stic. 

CONCLUSIONS 

I.  It  is  possible  to  design  a  suepension  system  which  pro¬ 
vides  a  41-ton  tank  with  approximately  100%  increase  in  cross¬ 
country  speed  without  increasing  the  power -to-weight  ratio  of  the 
vehicle. 


2.  A  suspension  system  incorporating  e  low  spring  rate  end 
adequate  damping  will  provide  a  significant  reduction  in  pitch  end 
iMunoe  vibrations,  thereby  increasing  vehicle  cross-country  speed 
cepebillty  without  degrading  the  effwtiweness  of  the  crew  or  the 
vehicle  weapons  system. 

3.  It  is  feasible  to  design  cross-country  vehicles  with  a 
speed  capability  of  30-35  miles  per  hour  within  the  present  state  of 
the  art. 

4.  A  major  advanoasMnt  in  mobility  machinery  has  been 
achieved  by  amans  of  a  theoretical  analysis  of  suspension  design 
characteristics  and  performance  parameters. 

An  extensive  amount  of  research  and  engineering  work 
must  still  be  accomplished  in  order  to  develop  suspension  systems 
capable  of  providing  efficient  operation  at  high  speeds  over  all 
types  of  terrain,  particularly  in  the  fields  of  springing  and  damping 
media,  suspension  geometry,  terrain  characteristics  and  terrain 
sensing  devices. 

The  promising  results  achieved  to  date  have  already 
had  a  significant  impact  on  the  design  of  suspension  systems  for 
military  vehicles.  Perhaps  even  more  important  is  the  impetus  given 
to  the  initiation  of  companion  research  and  development  programs 
which  will  contribute  toward  improving  the  effectiveness  of  future 
military  vehicles  under  a  wide  variety  of  terrain  conditions. 
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FIGURE  3  CALCULATED  SPRING  CHARACTERISTICS 
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FIGURE  4  SPRING  CALCULATION! 
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figure  5  INTERMEDIATE  UNIT 


FIGURE  6  FRONT  &  REAR  UNIT 
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FIGURE  9  VIBRATION  CHARACTERISTICS 


FIGURE  10  VIBRATION  CHARACTERISTICS 


HAYES  and  CABELLI 


THE  IHFLHEIfCE  OP  STORAGE,  AEROSOLIZATIOH,  AHB  REHYDRATIOH 
OH  THE  PERMEABILITY  OP  PASTEURELLA  TULAREHSIS 


DORA  K.  HATES  and  TICTOR  J.  CABELLI 
DUGWAT  PROYIHG  GROUND 
IXJOWAT,  UTAH 


During  tha  dttT«lopaant  of  a  collecting  fluid  for  aero- 
aolizad  Pasta\iralla  tularenaia,  Caballi  (I962)  obaerred  that  the 
nuaber  of  culturable  cells  recorered  vaa  greatly  increased  by  the 
presence  of  the  carbohydrates,  aelesitose,  trehalose,  and  sucrose  in 
the  collecting  solution.  The  polyhydric  alcohol,  inositol,  also 
iaproved  these  recoreries.  Table  1  svmarixes  these  findings.  All 
recoTsries  are  related  to  that  obtained  in  0.075M  sucrose  solution 
which  also  contained  the  additive  and  which  has  been  arbitrarily  set 
at  1,00.  Since  it  is  advantageous  to  hold  collected  saaplea  for  an 
ei^teen  to  twenty-four  hour  period  before  assay,  recoveries  both 
before  and  after  holding  are  shown. 


TABLE  1 


Solution  Composition 

Initial  Recovery 
Relative  to  0.075M 

Sucrose-0. O75M 

Inositol 

24-Hour  Recovery 
Relative  to  24-Hour 
Recovery  in  Sucrose- 
Inositol 

Inositol 

Melezitose 

1.48 

Inositol 

Trehalose 

1.65 

1.52 

Cabelli  (1962)  also  observed  that  the  presence  of  ortho¬ 
phosphate  in  the  collecting  solution  improved  recoveries.  He  s\ig- 
gested  that  the  phosphate  present  outside  the  cell  provided  a 
concentration  gradient  sore  favorable  to  retention  of  this  ion  by 
the  stressed  cell.  The  carbohydrate  additives  probably  prevent 
diffusion  of  other  essential  aetabolites  outward  after  desiccation 
and  collection.  These  additives  aay  also  inhibit  the  entry  of 
deleterious  noleoules  by  aeans  of  solvent  drag  dxiring  rehydration. 

The  complete  collecting  fluid  developed  by  Cabelli  (I962) 
contained  phosphate,  sucrose,  inositol,  1-cysteine. HO] ■  thiourea  and 
spermidine  phosphate.  The  incorporation  of  cysteine  is  dictated  by 


Preceding  Page  Blank 


457 


BATES  and  CABELLT 


th«  ralatlTclj  blfh  rtfuintMnt  for  oystolno  in  crovth  aodia  of  this 
organioij  Tho  fladlufo  of  Ho^r  (1999)  audgoat  that  tha  polyaainaoi 
aueh  aa  aparaiae  and  aparsldlBa,  atabilisa  casctically  fragila 
organiaaa.  Malaiitoaa  and  trabaloaa  vara  not  inoorporatad  in  tha 
oollaotlng  fluidi  alnoa  naithar  aufar  la  raadily  arailabla  In  larga 
quantitlaa  at  a  raaaonabla  prioa. 

tha  analytical  aathod  for  phoaphato  ion  ia  ralativaly 
aiaply  and  rapid.  By  axanining  tha  bahavior  of  thio  ion  under  a 
variety  of  aituatlona  on  idtioh  tha  baotarial  oall  was  straaaadf  wa 
hoped  to  inoraaaa  our  uadaratanding  on  tha  prooaaaaa  vhioh  ooour 
within  tha  baotarial  oall  and  at  tha  intarfaoaa  between  oall  and 
anTironaioat  during  eollaotion.  If  tha  reasons  for  phosphate  ra> 
quiraaMnt  ware  elucidated,  a  sound  basis  could  be  provided  for 
preventing  dalatarious  affaots  of  oollaotion  and  of  holding. 

A  nuabar  of  workers  have  obsarrad  that  phosphate  natabc- 
lian  ia  altered  by  stress  and  during  aging,  throughout  tha  aging 
process,  phosphatase  aotlvity  in  anlnal  calls  nay  show  an  inoraaaa. 
Often  there  la  uncoupling  of  oxidation  fron  phosphorylation  (Bourne, 
1962).  Aoidosls  oausad  by  oarbon  dioxide  intoxication  oan  result  in 
altered  body  fluid  phosphate  levels  in  invertebrates  and  nannals 
(Brown,  1997 I  Bayes,  1962).  Phosphate  netabolisn  in  baotarial  cells 
wmj  be  affected  by  stresses  in  one  or  nore  of  the  following  waysi 

(1)  the  ability  of  the  oall  to  take  up  piMsphate  nay  be 
decreased  beoauae  ensynss  on  or  near  the  aurfaoe  of 
the  cell  which  are  necessaxy  for  phosphate  transport 
have  been  destroyed. 

(2)  A  specific  phosphate  transport  site  nay  be  blocked, 
defomed  or  destroyed. 

(9)  Cell-environnent  interphases  nay  be  "stretohed"  to 
pemit  leaching  of  phosphate  ion. 

(4)  Available  intracellular  space  nay  be  increased  by 
injury. 

(3)  Esterases  idiioh  hydrolyse  organic  phosphates  nay  be 
activated.  An  increase  in  intracellular  phosphate 
oonoentration  will  enhance  passive  diffusion  outward, 
especially  under  conditions  idiioh  are  unfavorable  for 
^osphate  retention. 

Haterials  and  Methods!  In  all  of  the  experinents,  the 
organisn  studied  was  P.  tularensis.  To  study  novensnts  of  naterlals 
ia  or  out  of  cells,  Mspensioas  of  the  bacteria  were  washed  in 
sucrose  (9^)-  inositol  {2,1%)  solution  and  then  resuspended  in  the 
test  solutions.  Bynanic  aerosols  were  produced  using  a  University 
of  Chicago  Teohnloal  Laboratory  atonlser.  Collections  were  nade  for 
tea  ninutes,  using  the  all  glass  Inpinger  with  a  fill  of  16. 3  nl  and 
an  air  flow  rate  of  6  liters  per  ninute. 

Collsoted  cells  were  concentrated  as  shown  ia  Figure  1. 
Besults  are  expz^ssed  either  as  niorograns  of  phosphate  per  equiv¬ 
alent  voluae  of  Inpiager  fluid  or  as  nlorograan  of  phosphate  per  ag. 
of  bacterial  nitrogen. 

Trlohloroaoetlo  acid  soluble  phosphorus  was  deterained  by 
the  aethod  of  Fiske  and  Subarrow  (1923)  and  total  phosphorus  was 
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d«t«rBln»d  MS«gr  of  salfurlc  mold  of  Mtorlal  ooBtalaiJic 

orffonie  phoaphatos.  Vuolalo  aoida  vara  axtraotad  and  fraotloaatad 
aoooFdifia  ^o  tha  Baranblu»-(ania-iaatl7  procadura*  uaiaf  tha  taoh- 
niqua  of  Sohaldt-Tbaaiihauaor  aa  daaoribad  hj  Sohaidt  (1937)*  Tha 
mabar  of  aaahii«a  with  or^anio  aolaanta  vara  daeraaaad,  ainoa  a  raxj 
aaall  aaouat  of  oallular  aatarial  vaa  avallahla.  Dltraviolat  abaorp- 
tiona  of  oall  aztraota  vara  dataralaad  uaiac  a  Baokaan  IMC-2A  ra- 
oordlss  apaotrophotoaatar. 

Haaulta  and  Dlacnaaloai  Tha  affloaoy  of  tha  vaah  aolntioa 
uaad  vaa  datazaiaad  by  vaahlnc  la  62  day  old  oall  auapaaaloB  with 
aucroaa-lAoaitol  (3*2.7!^}  and  raattapaadlnf  tha  oalla  in  aolutlona 
vbioh  oontainad  Inoaitol  (2,7!f()  and  althar  auoroaa  at  rariona  ooa> 
cantratlona  or  all  tha  ooapoaanta  of  tha  ajothatio  oollaotion  flaid 
of  Caballl  (1962).  Tha  oalla  vara  atraaaad  by  holding  aliquota  at 
4*»  27*,  and  37*  C  for  tvanty^fcor  hoora.  Tabla  II  aunBariaafl  the 
zaaolta  of  thla  atudy. 


TABU  II 


EFFECT  OF  COMPOSITIOl  OF  SP3Hgn>IE0  FU7II>  AID 
TBfPERATUBE  OB  SUHTITAL  OF  PASTEIIELU  TDLAHBISIS 


SolutlMI  * 

Par  Cant  Baoovazy 

Goapoaition 

4*C 

27*C 

97  *C 

Suoroaa  (jfL) 

95 

58 

0.42 

(1^1 

72 

50 

0,?9 

(22>t) 

56 

56 

0.16 

Synthatio  fluid 

75 

86 

19.0 

*A11  aolntlona  oontainad  Inoaitoi  (2«7!iOT 


Tha  inoraaaad  auoroaa  oonoantrationa  did  not  inprova  tha 
raoovary  of  orffaniaaa  hold  at  37*C.  Eovarar,  it  ia  aridant  that 
tha  oooplaz  aynthatic  fluid  vaa  far  auparior  at  roov  tMfaratura  or 
at  37*C. 

Tha  phoaphata  oonoantrationa  of  tha  oella  and  of  tha 
aupamatant  aadiun  ara  ausaarisad  jn  Tabla  III« 


TABU  III 

EFFECT  OF  COMPOSITIOl  OF  SDSFEIDIIO  FUID  AID 
TOlPERATDBE  01  UOROAIIC  PHOSPHATE  OF  PASTEmUiA  TDLARBTSIS 


Solution  Intraoallular  inorganio  Eztaraoallular  inoriaalc 

Coapoaitiun*  phoaphata^nloroc;.  P  in  phaaphata-aiioroc.  P. 

oalla  froa  ona  al  of  par  al  aupamant 

auapanaion 


Suoroaa 

4* 

27* 

37*C 

4*C 

27*C 

37*C 

57 

51 

37 

7 

17 

35 

(IW 

44 

55 

16 

9 

24 

59 

(225t) 

50 

45 

14 

8 

20 

51 

Synthatio  fluid 

55 

55 

53 

950 

900 

900 

OAll  aolutlona. oontainad  inoaitol  {2,T%),  Initial  ooaoantration  of 
oalla  1«1  I  10'*'^  oalla  par  al. _ 
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At  low  taaparaturaa*  a  aolution  oonaiatinf  of  auoroaa  and 
inositol  in  fairlj  l«iv  ccncantFatioiis  Mintaina  tha  oalla  adaquntalj. 
As  tha  ta^aratura  ia  inoraaaad,  tha  raqairasant  for  a  aolution 
ahioh  oontaina  phoaphatOt  aa  wall  as  a  noabar  of  othar  ooaqK>nantaf  ia 
rafuirad*  It  oaa  ba  obaarrad  froa  Tabla  III  that  tha  aynthatlo 
fluid  is  oondmoira  both  to  aaintanaaoa  of  oulturabllity  and  to 
ratantion  of  intraoallular  phoaphata.  It  aajr  also  ba  obaarrad  froa 
Tabla  III  that  tha  Intra-  and  aztraoallular  phoaphata  oonoantration 
addad  to^athar  totals  aora  at  57*  C  than  at  4*  C.  This  su^gaata 
that  tha  call  organic  phoaphata  ia  probablj  braakinf  down  to  in* 
organic  phoaphata,  whioh  ia  than  libaratad  to  tha  aupamatant 
aolution* 

That  tha  inorganic  phoaphata  doaa  braak  down  to  llbarata 
trichloroaoatio  acid  aolubla  phoaphata  la  Indloatad  in  Tabla  IV.  In 
thla  azpariaant,  both  inorganic  phosphate  and  total  phoaphata  wara 
dataralnad.  It  will  ba  obaarrad  that  both  tha  inorganic  phoaphata 
and  tha  total  phoaphata  in  tha  calls  daoraasa.  Tha  inorganic  phoa¬ 
phata  and  total  phoaphata  ooncantrations  ara  alaoat  idantioal. 

This  Indioataa  that  undar  tha  oonditiona  of  thia  azparlaant,  alaoat 
all  of  tha  phoaphata  lost  by  tha  oalla  ia  found  aa  inorganic  phoa¬ 
phata  in  tha  aupanunt.  Tha  quantity  of  total  phoaphata  lost  ia 
indioatira  of  tha  action  of  oaa  or  aora  intra-  or  aztraoallular 
phoaphataaaa* 


_ TABU  IV _ 

CF7ECT  or  TBfPSRATORE  01  CELUJLAlt  FBDSFCATK  H 
PA3TE0R1LU  TOLAHHTSIS 


Tanparatura 

•c 

Klcrog, 
inorganic  P 
in  calls  fro* 

1  al  of 
auapanaion 

Miorog. 
total  P 
in  calls  fro« 

1  nl  of 
auapanaion 

Miorog. 
inorganic  P 
par  nl 
aupamant* 

Miorog. 
total  P 
par  nl. 
aupamant 

4 

60 

415 

12 

12.3 

27 

55 

387 

17 

17.1 

37 

25 

205 

31 

52.0 

♦Initial  oonoantration  of  oalla  par  al  auapanaion  -  6  X  10^0 


Calls  atraaaad  and  praparad  aa  outlinad  ia  Figura  1  wara 
azaainad  in  ordar  to  dataraina  tha  affaota  of  auoh  traataaat.  Thraa 
oollaoiing  fluids,  tha  ayathatio  fluid  (STI),  auorosa-laoaitol 
(5,  2.79(}  and  galatin-aaliaa  (0*1,  0.659a)  wara  ehoaaa.  Raoowariaa 
in  auoroaa-inoaitol  both  iaaadiataly  and  aftar  holding  wara  oloaa  to 
thooa  obtalnad  in  S71.  Oalatin-aalina  ia  a  poor  holding  aolution 
for  P.  tularanaia.  I^loal  raoorariaa  ara  llluatratad  ia  Figura  2. 
It  ba  obaarrad  that  aftar  24  hours  of  holding,  eulturabla  oalla 
raoorarad  froa  galatin-aalina  oollacting  aolution  ara  oonaidarably 
dacxaasad.  Calla  which  ara  not  atraaaad,  but  ara  aaraly  hald  at 
rafrigarator  taa^ratura  for  24  hours  do  not  ahov  daoraaaad  ra¬ 
oorariaa  aa  illuatratad  in  Figura  5* 


EATIS  «a4  CABIUI 

Th«  phosjihat*  ooatant  of  oolla  ooliaotod  at  two  rolatlwo 
Aualditios  and  at  diffarant  omi  la  llluetratad  in  tha  sazt  sariaa 
of  tablaa.  Tha  raaults  ara  azpraaoad  aa  aicrograaa  of  inorganic 
phoaphata  found  In  tha  oalla  froa  53  of  oollactlng  aolution. 

In  a  apraj  auapanaion  that  vaa  19  daja  old,  thara  ia  a  aignlfioant 
diffaranoa  in  tha  phoaphata  oontant  of  oalla  oollaotad  and  hald  in 
STV  aa  oo^parad  to  thoaa  oollaotad  and  hald  in  galatln-aallna. 

Thia  diffaraaaa  baoo«aa  aora  pronounoad  at  52  dajr  auapanaion  aftar 
holding  18  houra.  Suoroaa-inoaitol  appaara  to  afford  aoaa  pro<- 
taction  to  oalla  oollaotad  froa  tha  52  dajr  old  apraj  auapanaion, 
but  thia  protaotion  appaara  to  diaappaar  at  47  daya.  Sinoa  tha 
abeoluta  aaounta  of  oalla  oollaotad  during  aaoh  run  waa  diffarant, 
it  baoaaa  naoaaaazy  to  ooapara  raaulta  batwaan  oollaoting  fiuida 
uaad  on  a  oartain  day,  but  not  to  ooppara  abaoluta  aaounta  of 
^oaphata  aaong  daja. 

Tabla  V  oontalna  raaulta  obtalnad  at  30  par  cant  ralatlra 
huaidlty  and  Tabla  VI  oontalna  aiailar  data  obtainad  at  60  par  oant 
ralatira  hualdity. 


_ TABLE  V _ 

IVOROAVIC  PBOSPHATE  CORTKirT*  OF  AEROSOLIZED  P.  TOLABERSIS** 
_ CORCKIITRATED  FROM  55  ML  OP  COLLECTIOI  FLDID _ _ 

Call  Aga  Holding  Klerog.  Inorganic  phoaphorua  of  oalla 

Tina  oollaotad  in  Suoroaa* 

daya _ houra _  SfH _  Qal»aalina _ inoaitol 


19 

1 

3.7  / 

0.43 

1-9  i 

1  0.28 

5.8  2  0.04 

18 

2.6  7 

.25 

1.0  i 

r  ,00 

32 

1 

3.1  7 

.69 

2-5  i 

f  .48 

2,2  2  .17 

18 

3.5  7 

.65 

0.7  i 

i  -^7 

1.6  2  .07 

47 

1 

1.8  2 

.64 

1.6  2 

f  .18 

1.3  2  *20 

18 

3.0  i 

.59 

1.8  2 

f  .09 

1.9  2  *27 

*Bzpraaaad  £  atandard  arroa. 

♦♦Ralatira  humidity  -  30^,  Tapparatura  -  30*C,  10  aln»  oollactdon, 

_ TABLE  VI _ 

IROROAIIC  PHOSPHATE  COITEm  OP  ABIOSOLIZED  P.  TDLAREVSIS«« 
_ coicgrraATED  pboh  53  hl  of  coli^ctioh  rurii) _ 


Call  Aga  Holding  Hiorog.  inorganic  phoaphorua  of  oalla 

TIjm  oollaotad  in  Suerooa> 

daya  houra  STW _  Oal-aalina _ inoaitol 


20  1 

2.4  2 

0.52 

2.9  i 

["0.09 

1.3  i 

i  0,25 

18 

3.9  7 

.20 

1.2  i 

'  .08 

2.4  i 

[  .03 

34  1 

5.6  2 

.24 

2.7  i 

1  .56 

2.0  i 

r  .08 

18 

1.6  i 

.17 

3.4  i 

r  .10 

48  1 

2.2  2 

.39 

1*5  i 

1  .09 

1.1  i 

1  .27 

18 

5-5  2 

.14 

1.9  i 

f  .16 

2.2  ^ 

1  .06 

*Bzpraa8wd  /  atandard  arror, 

**RalatlTa  huaidlty  •  ^Of^t  Taavaratnra  30*C,  10  Bin.  oollaotion. 
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A  problM  rAlAAd  by  this  99Tim»  of  •zporluonti  wm  tho 
obsorTAtlpn  thAt  mlthongb  th«  n^bor  cf  «ieble  cells  dssrsaaed  by  &» 
iMst  9  factor  of  10  In  the  ^latln  oaliBSi  as  lllustratad  la  Ei^ura 
2f  the  inorfaaio  phosphate  did  not  decrease  in  the  saae  fashion.  Our 
expeotatioa  had  been  that  a  non-reproduo in^  cell  placed  in  eneiron- 
■ents  low  in  phosphate  would  lose  inorcanio  phosphate.  Possibly 
there  was  a  source  for  the  laorfanio  phosphate  in  the  cell.  Table 
Til  indicates  that  there  was  a  in^eater  decrease  in  total  phosphate 
than  in  laorcanio  phosphate.  Two  trials  were  conducted  at  50  per 
cent  relatiee  hualdity  and  one  trial  was  conducted  at  60  per  cent 
relatiwe  hualdity.  There  is  a  sncsestion  that  at  the  acre  farorable 
relatiwe  huaidityt  less  phosphate  la  lost.  There  is  even  an  in- 
dioat ion  of  increase  of  total  phosphate  in  STI  fluid. 

Seweral  lines  of  inquiry  are  sacfested  by  these  data.  The 
first  is  the  deteraination  of  the  ooapounds  idiioh  are  broken  down 
during  stress.  The  second  is  the  identification  of  the  responsible 
eBnjM(s).  This  identification  al|;ht  dictate  the  incorporation  of 
an  inhibitor  in  the  colleotinc  fluid.  The  third  is  the  detensination 
of  the  type  of  process  occurring  during  the  period  of  tijae  in  which 
phosphate  is  beln^  lost  to  the  fluid. 


TABLE  TII 


CELUJLAR  nOROABIC  AID  TOTAL  FBOSPSATE  U 
AESOSOUZED  PASTEURELU  TOLAREirSIS  AFTER  SIOBTEEI 


HOURS  BOLDUC 

U  DIFIHCER  FLUID 

Collecting 

Fer  cent 

Per  cent  change  total  phosphate 

Fluid 

change 

inorganic 

Trail  I 

Tnll  II 

Trail  III 

phosphate 

50^  RH 

50^  SB 

809(  RB 

snt 

-17 

-10 

/  4.5 

/  23 

Oel-sallno 

-29 

-63 

-64 

-  55 

Sucrose- 

inositol 

-15 

-50 

m 

/  2.5 

third  process  was 

extained 

la  cells  stressed  by  heating 

to  37*  C.  yifure  4  illustrates  the  type  cl  data  obtained  in  the  two 
oolleotin^  fluids  tdiich  did  not  contain  phosphate.  The  shape  of  the 
curre  suggests  that  if  a  kinetic  analysis  of  the  data  were  perforaed, 
at  least  two  prcoesees  would  be  found  to  contribute  to  the  total  pro- 
oess  of  phosphate  loss.  At  low  teaperatures,  the  aetabolio  component 
Is  probably  not  contributing  significantly  to  the  total  process.  At 
57*C|  iLOverer,  probably  a  eua  of  aetabolio  processes  result  in  a 
greater  organic  phosphate  breakdown  and  loss  froa  the  cell. 

Atteapts  were  aide  to  utilise  pho8phorus-32  in  kinetic 
studies  of  this  process,  lowerer,  the  studies  that  wen  perforaed 
were  those  in  which  atteapts  were  aade  to  exchange  P^smn  super¬ 
natant  solutions  with  inert  phosphate  in  the  cell.  Conditions  under 
lAiich  these  exchanges  occur  in  significant  aaounts  are  difficult  to 
obtain  with  saall  nunbers  of  streseod  cells.  Prellainaiy  results 
indicate  that  the  space  arailable  to  phosphate  increases  in  the 
stressed  cell  but  auoh  work  rsaains  to  be  done  in  this  area  in  order 
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to  ebtalB  Bulaiui  uptako.  Fboaphata  wkloh  la  takaa  up  kj  thaao 
oclla  iiadtr  rtatlnf  oonditlona  la  raadilj  loot  upoa  **aahis5  vitb 
phoaphata*fraa  aolutieaa.  Biadlaf  or  ratoation  by  tha  aaabrana  la 
not  a  prlM  factor  in  ratalaia^  tha  radiotaotopa,  indaad  it  haa 
baan  takan  up  within  tba  oall. 

lo  work  kna  baaa  dona  toward  Idantifination  of  apaoirio 
anaynaa  raaponalbla  for  tha  hydro lyala  of  orfanio  phoaphataa. 
Baotarial  ribonuolaaaa  and  oaa  or  aora  phoaphowao-  and  diaataraaaa 
ara  likaly  oaadldataa. 

Idaatlfioation  of  tha  phoaphata  ooa^ounda  idiioh  ara  loat 
by  tha  atraaaad  oall  haa  ba^^in.  Calla  wara  traatad  aa  outlinad  in 
ricura  1.  Control  oalla  wara  traatad  aiallarly  axoapt  that  aaro- 
aollaation  waa  oaittad.  Abaorption  In  tha  ultrariolat  of  oo^pounda 
axtraotad  hj  tha  trlohloroaoatio  aold  waa  datamiaad.  Ultraaiolat 
abaorbing  aatav>iala  ara  found  both  in  tha  axtraot  fioa  atraaaod  and 
unatrfaaad  oalla.  Aia  ralatlwa  anounta  of  aatarial  abaorbin^  at 
2600  A  and  at  2000  A  diffara  in  tha  two  groupa  of  oalla.  A  fraatar 
paroantair*  of  aatarial  abaorblnf  at  2600  1  ia  found  in  tha  axtraot 
froa  unatraaaad  oalla.  Thla  oan  ba  Intarpratad  to  indicata  that 
during  atraaoi  ■one'*  and  di-nuolaotldaa  lAioh  would  aoraally  ba 
found  in  tha  trlohloroaoatio  aoid  axtraot  ara  loat. 

Tabla  Till  auaaarliaa  tha  raaulta  obtainad  by  azanlnation 
of  total  nuolaio  aold  phoaphata  and  riboaa-nuolaio  acid  (RIA)  phoa¬ 
phata  of  atraaaad  aad  unatraaaad  oalla.  Thaaa  aaaaya  wara  parforaad 
on  tha  triohloaoatio  aoid  raaidua  aftar  lipid  phoaphataa  had  baan 
raaorad. 


_ TABU  Till _ 

EFFBCT  OF  StTSPOrDIIG  FUII)  OB  IBCUIC  ACID  FHOSITORBS 
n  AEBOSOLIZSD  ABC  UBAIROSOLIZED  C£I  LS*  AFTER  A 
_ _  TWEBTY-FOUR  HOUR  HOLDIBO  PERIOD _ 

Collaotlnc  Par  oant  daoraaaa  Par  oant  daoraaaa 

Fluid  total  nuelald  acid  RBA  phoaphorua 


phoaphorua 

Aaroaol 

Control 

Aaraaol 

Control 

STB 

24 

0 

40 

0 

6al-aalina 

67 

36 

6> 

42 

Smoroaa- 

31 

11 

50 

6 

Inoaitol 

*Call  auapanaloa 

-  aga  16  digra. 

STB  fluid  appaara  to  protaot  tha  atraaaad  oall  acainat  loaa 
of  total  nuolaio  aoid  phoaphata  and  RBA  phoaphata  during  tha  holding 
pariod.  Graataat  loaa  of  thaaa  phoaphataa  ia  apparant  in  ^latin 
aalina  aolution.  Tha  auoroaa  inotltal  aolutlon  appaara  to  ba  intar- 
■adiata  batwaan  tha  othar  two  oollaotlng  fluida.  Control  aapplaa 
bald  in  ^latin  aalina  loaa  a  ^raatar  proportion  of  tha  nuolaio  aoid 
fraction  of  orfanophoaphorua  ooaounda  than  do  aa«plaa  hold  in  tha 
othar  two  fluida.  Aaaay  of  tha  phoaphataa  axtraotad  with  tha  lipid 
fraction  of  tha  oall  did  not  raraal  any  atrikin^  diffaranoas  aaon^ 
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Bnj  of  th«  oollootloff  fluid!. 

It  !•  poatulatod  that  tho  phoaphato  praaant  in  tha  ooaplax 
oollaotlnf  fluids  STE,  proTanta  braakdown  of  orgaalo  phoaphatas  In 
atraaaad  oalls.  Partial  protaotlon  ia  alao  obtainad  with  auoroaa- 
inoaitol  solutiona.  Tha  abilitj  to  protact  tha  call  froa  phoaphata 
loaa  la  not  ao  apparant  ahau  tha  oa.x  to  ba  protaotad  haa  baan 
aaroaoliaad.  Pleura  3  auanarlsaa  tha  thaoratloal  aqulllbria  axiating 
batwaan  tha  phoaphata  ooapounda  of  tha  baotarlal  call  and  ita  anvi- 
ranaant.  Purthar  axparlaantatlon  aay  raraal  that  tha  poatulatad 
*'atabla  fraotlon"  la  aubjaot  to  hjrdrolyaia  undar  aultabla  oonditlona 
of  atraaa. 

tone lua Iona I 

1.  Aaroaoliaad  oalla  oollaotad  In  phoaphata>fraa  aolu- 
tlona  loaa  tha  abilltj  to  aaintaln  phoaphataa  agalnat  a  concan> 
tratlan  gradlant.  Faotora  which  ara  aga  dapandant  ara  InTolvad  in 
thla  abilltj.  Othar  atraaaaa  alao  raault  in  a  loaa  of  intraoallular 
phoaphata*  and  tha  rata  of  loan  appaara  to  ba  taaparatura  dapandant. 

2.  Organic  phoaphata  of  tha  oall  appaara  to  ba  tha  aouroa 
of  inorganic  phoaphata  loat  bj  tha  oall.  A  fraction  of  oall  protain 
iaolatad  aa  tha  auclaoprotain  fnotion  appaara  to  ba  a  aouroa  of 
thla  phoaphata. 

3«  Ruolaotidaa  or  braakdown  produota  of  nuolaotidaa  and 
protaina  can  ba  obaarrad  in  aupamatanta  and  axtraetion  aolutiona. 

•fha  aaounta  of  both  nuolaotidaa  and  protaina  loat  appaar  to  incraaaa 
aa  a  function  of  taaparatura. 
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HENRI 


RiSPARATIOIJ  AND  USES  OF  Sa-IE 
NAIV  QROANOLEAD  CHEIUCALS 


MALCOI/i  C.  HliIJRl(®) 

U,  S.  ARI^  lUlTIGK  LABORATORIES 
NATICK,  MASSACHUSETTS 


ICe  hare  bean  Interested  for  some  period  of  tine  In  the 
properties  of  organolead  compounds  as  they  may  be  applied  to  micro¬ 
biological  control,  as  biological  toxicants,  for  rodent  repellency, 
polymer  stabilizers,  lubricant  additives,  soil  treating  agents, 
herbicides  and  marine  and  anti-fouling  paints*  Although  organolead 
compounds  have  been  known  for  many  years,  only  tetraethyllead  and 
more  recently  tetramethyllead,  have  found  commercial  use*  As  an 
antiknock  agent  in  internal  combustion  engines,  tetraethyllead  has 
an  estimated  output  of  500  million  pounds  per  year  and  la  in  fact 
the  top  commercial  metal-organic*  The  demand,  however,  has  not 
kept  pace  with  increasing  gasoline  consumption  in  recent  years  owing 
to  octane  improvement  techniques  and  to  the  increased  use  of  compact 
cars  which  do  not  require  pi  amiura  grade  gasoline*  The  effect  of 
turbine  engines  in  automobiles  could  have  a  disastrous  effect  on  the 
consumption  of  tetraethyllead*  Because  of  these  problems  in  the 
lead  industry.  The  International  Lead  Zinc  Research  Organization 
(ILZRO)  was  formed  from  a  world-wide  group  of  lead  and  zinc  pro¬ 
ducers  to  find  new  applications  for  lead  and  zinc  chemicals  and  to 
thus  offset  the  possible  decline  in  the  use  of  tetraethyllead  in 
automotive  and  aviation  motor  fuels* 

In  a  cooperative  venture  involving  mutual  interests, 

(ILZRO)  and  the  U*  S.  Army  Natick  Laboratories  have  been  investi¬ 
gating  new  syntheses  and  new  applications  of  organolead  chemicals* 
New  chemicals  are  prepared  and  characterized  at  the  Natick  Labora¬ 
tories*  Ihey  are  then  screened  and  tested  for  possible  applications, 
both  internally  and  by  external  eleroenta.  The  results  have  been 

^*^Substantial  contribution  by  Dr.  Kenneth  Hills,  Research  Fellow 
at  the  U*  S*  Army,  Natick  Laboratories  and  sponsored  by  the 
International  Lead  Zinc  Research  Organization  is  herewith 
gratefully  acknowledged. 
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iuc4t  encouraging*  In  cooperation  with  the  Organic  Chemical 
Institute,  Utrecht,  Holland,  pilot  plant  quantities  of  numerous 
organolead  chemicals  r''e  now  being  produced  and  distributed  free  of 
charge  to  interested  industrial,  government  and  acadonic  instituticns* 

This  paper  will  deal  with  the  significant  developments  of 
three  phases  of  this  program,  namely,  syntheses,  screening  and  test- 
and  the  production  of  organolead  chemicals  on  a  large  scale* 

I.  SYNTHESES 


Chemical  compounds  containing  metallic  atoms  bonded  directly 
to  carbon,  traditionally  called  organouetallic  compounds,  have  widely 
different  properties  than  those  compounds  containing  only  cai'bon- 
carbon  bonds*  Consideration  of  the  properties  of  homologous  com¬ 
pounds  where  carbon  atoms  are  replaced  by  Group  IV-£  elements, 
Silicon,  Germanium,  Tin  and  Lead,  has  intrigued  organic  synthetic 
chemists  for  a  number  of  years*  Compounds  containing  lead-carbon 
bonds,  known  classically  as  organolead  compounds  are  of  particular 
interest  because  they  represent  the  extreme  case  cojupared  to  carbon- 
carbon  type  molecules  (1)* 

Initial  synthetic  efforts  dealt  with  a  study  of  some  re¬ 
actions  of  hexapheryldllsad,  (C5H5)3fbR)(C5H^)3,  (2)  as  well  as  the 
discovery  of  a  new  class  of  organolead  chemicals  called  organolead 
arsenates  (3),  organic  analogues  of  lead  arsoiuite  the  common  in¬ 
organic  insecticide* 

More  recently,  interest  has  been  directed  towards  synthe¬ 
sizing  organolead  compounds  which  contain,  in  addition  to  lead- 
carbon  bonds,  at  least  one  and  sometimes  two,  lead -sulfur-carbon 
bonds*  A  number  of  routes  were  attempted  in  order  to  obtain  these 
conpounds  (Slide  #1)*  As  a  result  of  these  experiments,  it  was  dis¬ 
covered  that  organolead  halides  when  reacted  with  mercaptans  in  the 
presence  of  an  organic  base  such  as  triethylamine,  gave  an  excellent 
general  method  for  synthesizing  this  type  of  organolead  compound  (ii), 

(Slide  #2)  -  describes  some  of  the  interesting  types  of 
compounds  that  have  been  made  using  this  preparative  technique*  In 
contrast  -to  the  parent  mercaptans,  these  compounds  are  odorless, 
liiite  and  sometimes  yellow,  low  melting  organic  compounds,  soluble 
in  typical  organic  solvents  iuid  showing  properties  typical  of 
organic  molecules*  They  have  low  melting  points* and  may  be  re- 
Gzystallized  from  common  organic  solvents* 

II*  SCRSENDIG  AI^ID  TSSTDvG  PnXHAi-I 


Preliminary  screening  of  the  newiy  synthesized  organolead 
chemicals  was  carried  out  at  several  different  laboratories.  The 
results  of  this  phase  of  the  program  have  resulted  in  the  discovery 
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of  Mveral  interesting  properties  that  suggest  a  number  of  useful 
applications. 

The  Worcester  Foundation  for  Experimental  Elolog7  in 
Shrewsbur7«  Massachusetts  is  a  nonprofit  educatiotud  and  research 
institution  dealing  basically  with  physiological  processes.  These 
laboratories  have  been  Interested  in  organolead  compounds  as  they 
affect  or  disturb  otherwise  normal  physiological  processes. 

In  screening  organolead  compounds  it  vac  found  that  thio- 
benayl  triphenyllead,  (C6H5)3PbSCH2C6H5,  and  thlophenyl  trijAienyl- 
lead,  (C5l^)3l%SC5H5,  showed  excellent  anti-inflannatory  properties. 
Compounds  wiu  this  type  of  activity  are  rather  rare  and  are  usually 
valuable  in  treatments  of  rhevunatoid  arthritis^  allergies  and 
asthma. 


Another  compound^  thioacetyl  triphenyllead 
(C5H^)3FbSC(0)CH2  showed  sufficient  anti-androgenic  activity  to  make 
it  a  possible  ca^idate  for  the  treatment  of  acne^  baldness  or 
affecting  beard  growth  inhibition  in  man. 

The  ramifications,  screening  methods  and  evaluation  of  t^iese 
experiments  are  described  in  a  new  book  edited  by  R.  I.  Dorfiaan  (5). 

(Slide  #3)  -  illustrates  the  molecular  configurations  of 
these  compounds  and  the  possible  uses  assigned  as  a  result  of  the 
screening  experiments. 

The  Tropical  Research  Medical  Laboratory  in  Puerto  Rico, 
has  also  received  samples  of  organolead  conpounds  for  screening. 

This  laboratory,  a  member  of  tlie  World  Health  Organization  dealing 
with  communicable  diseases  has  been  particularly  concerned  with  the 
tropical  disease  bilharzia  ( schist omiasis).  This  serious  Infection 
idiich  attacks  the  urinary  tract  of  man  is  carried  by  fresh  water 
snails  and  is  particularly  prevalent  in  the  Middle  and  i'az’  East  as 
well  as  in  Africa. 

Several  organolead  compounds  have  been  effective  in  con¬ 
trolling  these  fresh  water  snails  under  controlled  cotiditions.  This 
work  is  continuing  enthusiastically. 

At  the  Organic  Chemistry  Institute,  TIIO,  Ltrecht,  Holland, 
a  number  of  organolead  compounds  wore  tasted  as  possible  fungicides, 
against  a  representative  series  of  fungi. 

(Slide  #Ii)  -  shows  how  effective  those  cotiipounds  are  as 
potential  fungicides.  With  concentrations  of  as  low  as  one  part  per 
million  ccHTiplete  inhibition  of  botrytis  allil  was  noted. 
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The  United  States  Department  of  Interior,  fish  and  Wildlife 
Service,  have  shown  by  thejr  screening  prograni  that  certain  types,  of 
organolead  compounds  have  e;^ellent  rodent  repelling  properties* 

(Slide  #5)  ^  shows  the  kind  of  results  >tilch  have  been 
obtained  for  a  variety  of  organoload  compounds  including  the  organo- 
lead-sulfur  compounds.  Ihese  results  make  these  compounds  potential 
candidates  for  impregnating  agents  of  paper,  fabric  and  other 
materials  subject  to  attack  by  rodents* 

As  lubricant  additives,  organolead-sulfur  compounds  also 
show  promise*  Studies  carried  out  at  the  Ethyl  Corporation 
Laboratories  in  Detroit,  Michigan,  with  a  standard  ij  ball  wear  test¬ 
ing  machine  showed  several  organolead-sulfur  compounds  to  be  the  best 
lubricant  additives  tested  in  those  laboratories  to-date.  A  patent 
application  has  been  filed  for  the  use  of  these  compounds  in  this 
particular  application* 

Other  suggested  uses  for  these  compounds  have  included 
applications  in  marine  and  anti-fouling  paints,  pesticides,  stabiliz¬ 
ers  for  chlorinated  polymers,  catalysts  for  polyurethane  foams  and 
radical  producers  In  esterifications. 

III.  OHGAh’QLEaD  CHiJIIGAL  PKQSUCTIOII 

Under  ILZRO  sponsorship,  the  Organic  Chemistry  Institute, 
TKO,  has  instituted  scaled-up  syntheses  of  specific  organolead 
compounds.  These  compounds  are  now  available,  free  of  charge  to  the 
World-Wide  scientific  community  as  a  further  inducement  to  develop 
new  uses  for  organolead  chemicals  (6). 

Organolead-sulfur  compounds  have  been  included  in  this 
program  because  of  their  Interesting  properties  and  applications* 

The  future  for  organolead  chemicals  in  general  and  organo¬ 
lead-sulfur  cauuounds  in  particular  seeias  assured  as  better  syn¬ 
thetic  routes  become  available.  As  adequate  quantities  of  these 
chemicals  become  distributed,  new  uses  and  applications  will 
assuredly  follow* 

The  United  States  Army  Laboratoriee,  by  effectively  con¬ 
tributing  to  this  pioneering  area  of  chemistry  make  it  possible 
to  take  advantage  of  the  latest  develop:nent3  in  research  and  to 
accomplish  the  military  mission  more  effectively. 
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fn.n2B  rrisfflSR  as 

PHEPARATIW  OF  aUGAIiOLSAD  SILFUR  CX3MfOUI^ 

(«■-  -e6%> 

!•  Lsad  Mercaptlde  Metoo3^ 

2Fh3FI>Cl  ♦  Fb(SH)2 - ^  2ni3FbSS  ♦  R>Cl2 

2m  ftrridiaB  Method 

<a)  lb3l>bCl  ♦  C5H5V  ♦  fiSU - ^  Fh^PbSR  ♦  C5H5N.HCI 

(b)  R)2FbC]i2.2C^H^N  ♦  2SSa - >  Ph^FbCSR)^  ♦  2C5H^N,HC1 

3*  Trlettarl4uaxne  Tfethod 

ft3n)a  ♦  (02^)311  ♦  RSH - >  Ph3PbSB  ♦  (C2H5)3N.HC1 


SLUS  NUTiESR  WO 


30MB  BXAMFLES  OF  OROAfOLEAD  SULFUR  COUPOLTIDS  HSPAHa) 
FbSR 


Q 


O  3PbSCH2CH2X 

o  2Pb(S*  O  -Cl)2 


(R  •  alicyl  or  aryl) 
(I  -  -OH  or  -NH2) 
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SLISB  KUMBSR  rrgJBE 

PHTSIOLOOICAL  AFFECTS  OF  ORQAI.'OLEAD  COMPQUm 

ftrtontial  Pa— 


Antl"lnflJiMLtory  »e«nt< 
fcr  riwwMtnVd 

aXlergia* 

•AtiBM 


thiophecgrl  trifheziyllead 


thioacetgrl  trljihAnorllead 
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for  control  of 
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3LIDS  NUiCBER  FOUR 

FUNOlcmL  RIOFEHTIBS  OF  OBGANOLEAC  CXMPOUNDS 


B  •  Loti'ytle  ollllj  P  ■  PBncllxiuni  njigerj  A  AspergiUua  niger; 

R  •  Rhitopus  nigricans  Activity  indloatsd  -  mininval  conoentration 
in  partis  pf^r  million  causing  conuslate  inhibition  of  visible  growth. 


PH  •  ^  -  C6ii5- 

B 

P 

A 

R 

Phi^pb 

1^ 

i5b 

iCb 

i3b 

^00 

500 

500 

500 

PhjPbKe 
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500 

Ph3PbCl 
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0,5 

0.5 

1 

(Hi3n))2S 
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50 
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2 

2 

2 

5 

1 

2 

2 

2 

Ph3Pb3CH2Ph 

1 

5 

2 

2 

Ph3PbS00Ph 

< 

5 

2 

5 

SLIDJS  NJIIBER  FIVS 
KODEIIT  RafEUliENCY  TEST 

Laboratory!  U.  S.  Fish  i.-.  Wildlife  Service,  Denver,  Colorado 
Oandidate  Repellent 


Lead  banzy Inter captide 
l^lphehyllead  chloride 
Trlphanylnethyllead 
Ibiooiethyl  triphen^’^Uead 
ThionhexQrl  triphenylload 
Liphenyllead  dichlorlde 
Bia->trlp(ienyllead  sulfide 
Hexaf^enyldilead 


Repellency  to  Houee  Mioe 
Fo*  repelled/No.  tested 

10/10 

10/10 

10/10 

10/10 

loAo 

7/10 

7/10 

Vio 
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IIITRODUCTXQK 

Tb«  fact  that  the  liQMdance  level  of  a  aealconduetor  diode 
can  be  varied  by  the  application  of  a  blaa  voltage  haa  led  to  the 
uae  of  aealconduetor  dlodea  In  RP  avltchlng  and  Halting  appllea- 
tlona.  nie  uae  of  aealconduetor  dlodea  to  control  the  level  of 
alcrowave  pever  tranaalaalon  haa  been  detailed  in  the  literature. 
9-13,  15-15 

Inaertlon  of  a  diode  in  a  vavegulde  or  other  tranaalaalon 
line  reatilta  in  attenuation  and  tranaalaalon  of  RF  pover  Incident 
upon  the  diode.  Attenuation  of  the  pover  Incident  upon  the  diode  la 
achieved  by  reflection  or  abaoi  ption,  or  both.  When  RP  pover  la 
tranaaltted  paat  the  diode  vith  little  loea,  the  ratio  of  pover  lncl« 
dent  uP^D  the  diode  to  pover  tranaaltted  paat  the  diode  la  teraed 
Inaertlon  loaa.  Slallarly,  vhen  HP  pover  la  attenuated  by  the  diode 
vlth  little  tranaalaalon^  the  aaae  ratio  la  teraed  laolatlon. 

The  level  of  RP  pover  tranaalaalon  la  controlled  thro^h  the 
application  of  forvard  and  reverae  blaa  potentlala  to  the  diode 
teralnala.  Por  a  particular  diode,  the  blaa  requlreaenta  vlH  depend 
upon  the  aealconduetor  aaterial  (l.e.,  allicon,  geraanlua,  or  gal- 
llvai  aracnlde),  the  frequency  of  operation,  and  the  tranaalaalon  line 
envlroaent.  Fbr  exaaple,  a  aealconduetor  olode  ahvmteu  aAiqtly 
acroaa  the  center  of  a  vavegulde  at  9000  Nc/a  la  uaually  blaaed  In 
the  forvard  direction  to  obtain  a  hl^  lagpedance,  allovlng  trana- 
Blaa ion  paat  the  diode  vlth  little  loaa,  and  blaaed  In  the  reverae 
direction  to  obtain  a  lov  iapedance,  preventing  tranaaiaalcm  prat  the 
diode. 13  At  1000  Mc/a  thla  la  cot  neceaaarlly  the  caae.  With 
the  aaae  diode  nov  ahunted  acroaa  a  tranaalaalon  line  of  lover  char- 
acterlatlc  laqpedance  (coaxial  or  atrlpllne),  a  forvard  blaa  reaulta 
In  a  lov  Iapedance  and  a  reverae  blaa  reaulta  In  a  high  iapedance. 

The  blaa  requlreaMuita  for  tranaalaalon  and  attenuation  of  Incident 
RF  pover  are  nov  the  oppoelte  of  the  X>baad  caae.  Thla  la  priaarlly 
due  to  changea  in  the  frequency  dependent  paraaitlc  reactance 
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attributad  to  diode  lead  iaduotence  end  peolcese  cepeclteace  and  to 
oa^acltiTe  reaetanso  ehaafiss  la  the  tfaniition  region  or  barrier 
laarar  oaveoltanoe. 

At  freqxieuciee  in  the  X-baad  region  (8.2  >  12.4  kMc/e)^ 
particularly  9300  Nc/e,  the  el^leet  fom  of  the  eenieonductor  eiritoh 
ooneiatf  of  a  diode  ahuated  acroee  a  imreguidi  along  the  guide 
axia.  3fIijlO,13  The  c^ration  of  the  diode  in  thia  aiagple  fom  of 
aviteh  can  be  explained  qualitatively  by  referring  to  the  aaauned  dl« 
ode  eq;ulvalent  oireuita  of  Pig.  1. 

In  the  equivalent  circuit  the  nonlinear  oapacitanoe  of  the 
diode,  In  thia  eaae  a  varactor,  la  attributed  to  tranaition  region  or 
barrier  layer  oapaoitanee.  Thia  capaoltanee  ia  predoainant  over  any 
dlffuaion  oapacitanoe  ariaing  froa  alnority  carrier  atorBge.2,9,19 
The  barrier  layer  eapaeitanoe  aa  a  function  of  voltage  ia  defined 
approKiaately  aa‘ 


_ _ 

(/  -  Jf)4  W 

vhere  C  ia  the  aero  biaa  carrier  capacitance,  0  ia  the  contact  or 
"built-in"  voltage  of  the  barrier  and  ia  a  function  of  aealconductor 
doping  irith  iagpujrlty  atoaa.  For  abrupt  Jiuctiona,  e.g.,  alloy  Junc- 
tiona,  point  contact  diodea,  n  la  two;  for  graded  Junctlona,  e.g., 
dlffuaed  aeaa  typea  aa  in  noat  varactors,  n  ia  three. 


The  application  of  a  forward  biaa  voltage  greater  than  the 
contact  or  barrier  potential  0  vlU  effectively  short  the  barrier. 
Par  this  biaa  condition,  the  diode  equivalent  circuit  ia  an  R>L 
elrcxiit  shunted  by  the  package  capacitance.  In  the  abeence  of  con¬ 
ductivity  nodulation,  R  ia  alaply  the  spreading  resistance  R^,  and 
is  the  lead  inductance.  The  diode  iapedance  ia  then: 


21  =  ~ 


(2) 


If  the  paraaetera  and  CL  are  such  that  antlresonance  occurs,  that 
the  dlode'inpedence  Z  ie  simply 


(3) 


For  an  aotiresonant  frequency  of  93CX)  He/s,  the  ratio  la/Cp  !■  30 
kllohns  squared  and  the  diode  Inpedanee  ie  very  lazgs  for  raall 
values  of  R..  Thus,  trsnsaissioo  of  incident  nicrowave  power  is 
achieved  wiu  little  lose,  for  if  the  diode  Impedance  ie  nuch  larger 
than  the  characteristic  impedance  of  tha  standard  X-band  waveguide, 
power  division  between  the  natched  waveguide  load  and  the  diode  ia 
tU. 


Oocaider  now  tha  aaniconduetor  diode  biased  in  the  reverse 
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dir*otion.  This  negatiy*  blM  raaulta  in  a  large  barrier  reeiatance 
vhloh  la  ahmted  by  the  capaeltlye  reactance  of  the  barrier  layer. 

The  diode  eqiilyalent  circuit  la  noe  a  aerlea  R-l-C  clrcidt  ahunted 
by  the  package  capacitance.  apreadlng  reaietance,  la 

the  lead  Inductance^  and  la  the  barrier  layer  capacitance.  The 
Impedance  of  the  negatlyely  biaaed  dlcde  lo 

3  -  VcoC^r-t/)) 

Zt)  =  - - P - - -  (^) 

If  the  negative  blaa  la  auch  that  the  lead  Inductance  reaonatea 
with  the  barrier  capacitance  Cb(-v),  that  la,  =  ycuC^/^t'Jtbe  ex- 
preaBlon  for  diode  latpedance  (Z^  ),  reducea  to; 

^-5  (' ~  (5) 

For  a  aarlca  reaonant  freq.uenay  of  9300  Hc/a  and  a  lead  in¬ 
ductance  of  3  nandhenrlea^  the  aero  blaa  capacitance  of  the  diode 
auat  be  of  the  order  of  0.2  to  O.U  picofarada.  Then  fraa  Xouatlon 
(l).  It  la  evident  that  a  proper  value  of  negative  blaa  wlli  reduce 
the  aero  blaa  capacitance  to  a  value  where  aerlea  reaooance  occxura. 

In  thla  reaonant  condition  the  diode  Impedance  Equation  (?)  la 
very  anall.  Thua,  nlcrowave  power  Incident  upon  the  negatively 
biaaed  diode  la  aoetly  reflected  with  little  abaorptlon,  and  high 
laolatlon  la  achieved. 

It  auat  be  pointed  out  that  while  the  alaple  theory  of  opera¬ 
tion  outlined  above  glvea  correlation  between  cuQ>eriBental  and  pre¬ 
dicted  reaulta,  the  correlation  la  xmlgue  to  dlodea,  auch  aa  the 
ailver-bonded  geraanlvai  varactora,  whose  paraaetera  aatlaiy  the  rea¬ 
onant  condltiona  apeclfled  (Table  l).  Other  dlodea,  such  aa  silicon 
dlfr^taed  Junctlcn  varaetora  (Table  l),  whose  paraaetera  do  not  satis¬ 
fy  the  resonance  r«iulreaenta,  have  been  used  In  thla  alaple  switch 
Ing  node  and  have  given  good  ezperlaantal  rea\U.ta.  However,  an  ex¬ 
tension  of  the  aasw  analysis  for  nonreaooant  conditions  in  the  pack¬ 
age  and  Junction  falls  lo  predict  with  any  reasonable  degree  of 
accuracy  the  experlaentaJ.  results  obtained.  The  reason  for  thla  dis¬ 
crepancy  la  aa  yet  unknown,  but  It  la  believed  due  to  a  difference 
between  the  asauasd  aiMl  actual  diode  equivalent  circuits  aa  aaen  by 
the  incident  alcrowave  energy. 

The  alj^ple  aodel  of  a  diode  ahunted  across  a  waveguide  la  aa 
exaaple  of  shunt  aole  switching  one  of  the  cwo  basic  BOdeB  of  aeal- 
conductor  awltchlng  operation;  the  other  being  appropriately  the 
aeries  aode.  In  the  BiiQ>le  node,  aa  described,  a  diode  la  inserted 
across  a  transalaalon  line  of  characteristic  lopedance  Zg  in  parallel 
with  Batched  load  and  generator  lapedancea.  In  the  alaple  aerlea 
aoda,  the  diode  la  Inserted  In  the  asBo  transBlsalon  line  in  aeries 
with  Batched  load  and  generator  lapedancea  (Fig.  2). 
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nn*  IbUoirlzig  vlU  decerlbe  a  lladtlx^  aad 

•vltchlae  eonfifuratloii;  opftratiag  in  a  itriM  code  mt  «  c*nt«r 
fire^tiencar  of  9375  lfc/«. 

THE  SERIES  SWITCH 

A  photogmph  of  the  three-eleaent  eerlee  evltch  Is  ehovn  Id 
Fig.  3*  The  switch  consists  heslcelljr  of  three  series  eras  (tees)/ 
each  ara  contalnlog  a  crystal  aount  teralnated  by  a  shorting  plate 
exactly  one-guarter  of  a  guide  wavelength  behind  the  crystal  seat. 
Each  series  ans  is  separated  by  guarter  g\ilde  wavelengths  along  the 
■aln  guide.  This  aatlresonant  spacing  nakes  the  isolation  of  each 
of  the  three  diodes  alaost  additive.  For  this  partlevJar  oonflgura- 
tlcn/  the  separation  between  each  series  mrm,  along  the  sain  guide, 
is  where  A^ls  U.l»6  cn  -  or  a  frequency  of  9375  Mc/s.  In 

each  series  am,  the  crystal  seat  is  a  distance  of  ^9  /Z  ,  where 
T)  is  any  integer,  frosi  the  Junction  of  the  min  guide  and  series  am. 

If  it  were  possible  to  aonre  the  shorting  plate  to  the  crys¬ 
tal  seat,  a  ncsdnal  halfwavelength  frosi  the  waveguide  Junction,  the 
plate  would  be  translated  to  the  wall  of  the  nain  guide  effectively 
shorting  out  the  series  ara.  This  would  be  alaost  as  if  no  series 
atm  existed  and  alcrowave  energ:^  would  propagate  down  the  aaln  guide 
with  little  insertion  loss. 20 

Siallarly,  a  perfect  open  circuit  across  the  guide  at  the 
crystal  seat  would  be  translated  to  the  wall  of  the  aaln  guide  as  an 
infinite  laqpedance.  This  would  have  the  effect  of  cutting  off  all 
the  aaln  guide  lying  to  the  right  of  the  waveguide  Junction,  pro¬ 
viding  alaost  inflnlt<d  isolation.  (This  assiaaes  Incident  power  prop¬ 
agates  left  to  right.)  If  at  the  crystal  seat,  an  Instantaneous 
change  between  open  and  short  circuits  were  obtainable,  an  ideal 
switch  would  be  realised. 

The  use  of  sealconductor  diodes  readily  lends  Itself  to  the 
alcrowave  circuit  described  above.  It  has  been  shown  how  the  Iih 
pedance  level  of  a  sealconductor  diode  in  a  waveguide  envlronaent  at 
a  frequency  in  the  9  kNc/s  range  will  change  with  sudden  changes  in 
the  applied  bias.  It  has  been  repoz^ed  that  the  tljne  required  tac  a 
diode  to  switch  between  high  and  low  lagpedance  states,  as  the  bias 
is  suddenly  changed,  is  a  few  nanoseconds.  5^-16 

The  operation  of  the  three-eleasent  series  switch  is  the 
reverse  of  the  siaple  shunt  aode  operation.  In  the  series  switch, 
diodes  are  inserted  in  each  series  am  and  biased  negatively  to  ob¬ 
tain  transmission,  and  biased  positively  to  prevent  transmission. 

Silver-bonded  gezmanlum  vamctors  of  Japanese  mnnufactinre, 
and  silicon  diffused  Junction  varactors  of  the  If|if50-type  were 
tested  for  switching  action.  The  character-,  ties  of  these  diodes 
are  listed  in  Table  I.  In  this  particular  aeries  configuration,  the 
better  switching  performance  was  obtained  using  the  silver-bonded 
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genaaalqB  TSFSctor  diodes.  puwsrton  of  the  •tlror-boaded 
diodes  fuUor  Mtlsiy  the  resoneat  cooditloas  described  in  the  slap^Ie 
shunt  node  operetlon,  besed  <m  the  essuaed  diode  eq^ilrmleBt  elreuit. 
Vhen  fonmrd  biesed,  the  diode  eq;ulvaj.ent  cireuit  beecaes  ea 
circuit  shunted  bgr  the  XMtcJKage  e«p(sciteace.  Since  e/I*  «  l/oiCp,  the 
diode  is  essentlhlljr  c  loeded  tsnk  cireuit  of  hish  lapednnee  vhich 
viU,  to  a  great  degree^  prevent  transnisslon  of  ■leroeave  power. 

Vhen  reverse  blasedj  the  diode  eq;ulvalent  circuit  is  an  R-Ir-C  series 
circuit  shunted  by  the  package  capacitance.  Ibe  diode  is  usually 
biased  negatively  to  the  point  where  l/<o  Cg(*V)  ■  oi  Z^.  Then  the 
diode  equivalent  circuit  in  this  resonant  condition  is  siiqply  Rg,  the 
spreading  resistance^  shunted  by  the  package  capacitance.  The  net 
result  is  a  low  ingpedanee  circuit  vhlch  allows  trananission  of  sdero- 
wave  power  irlth  little  loss. 

Rlgures  k  and  5  show  isolation  and  insertion  loss  aa  a 
function  of  frequency  for  the  diode  serlee  avltch.  The  data  of  Fig. 

4  lUuatrates  typical  switching  perforaance  obtained  tising  GSRS  silver* 
bonded  gemanlm  varactors.  Insertion  loss  lover  than  that  of  Pig. 
k,  of  the  order  of  0.2^  db^  is  obtainable  at  the  expense  of  a  decrease 
in  isolation  of  a  few  db,  and  with  a  narrowing  of  10  to  15  Ne/s  of 
the  20  dh  and  30  db  isolation  bandwldths. 

Figure  5  shows  the  serlee  switching  pctrfomsnce  using 
selected  silicon  Junction  varactors.  These  units  were  selected  by 
testing  each  diode  Individually  for  switching  ratio,  l.e.,  ratio  of 
Isolatlan  to  insertion  loss.  In  the  shunt  case  for  best  switching 
perforaance,  diodes  with  low  Junction  capacitance  and  high  cutoff 
frequency  were  found  to  have  best  switching  ratios.  Any  slallar 
basis  for  choosing  silicon  units  for  acceptable  switching  action  in 
the  three-eleaent  configuration  was  unsuccessful  and  the  eaplrlcal 
approach  described  above  bad  to  be  used. 

In  Fig.  the  peak  isolation  occurs  at  a  frequency  of  9^50 
Me/s,  75  Me/*  greater  than  the  design  frequency  of  the  three-elaneiit 
configuration.  This  shift  Is  attributed  to  a  susceptanee  Introduced 
by  the  hack  plate  in  each  series  ara  which,  at  the  design  frequency, 
is  exactly  a  quarter  of  a  guide  wavelength  behind  the  crystal  axis. 
Ibis  susceptanee  varies  rapidly  with  frequen<^.  It  is  believed  that 
this  rusceptance  interacts  with  the  diode  adaittance  su'd!  that  for 
the  silicon  units,  with  their  higher  package  capacitance,  peak  isola- 
tlon  is  attained  at  9*^50  Mc/s  rather  than  at  the  design  frequency  of 
9375  Mc/s.  Ibis  my  also  explain  the  narrower  bandwldths  obtained 
with  the  silicon  varactors. 

In  the  aeasureswnt  of  isolation  and  insertion  loas  versus 
frequency,  the  incident  power  level  was  500  m  CV  using  the  GSB2 
diodes,  nie  CSB2  is  rated  as  capable  of  dissipating  500  wv.  Bow- 
ever,  VSHR  asasursaenta  indicated  that  in  this  partlcxilmr  mode  of 
operatlaa,  50  to  60  percent  of  Incident  power  Is  absorbed  so  that 
as  a  safety  factor,  the  incident  power  levels  were  restricted  to 
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UPPT  XvTttls  Of  ^00  mt  CV. 

Tt»  silicon  units  vlth  6-YOlt  brsokdovn  voltages  art  rated 
as  eatable  of  dissipating  2>0  mr  and  were  tested  at  2^0  nr  CH  incl* 
daat  power  levels. 

SBDXS  LDCISER 

Tbe  three>dlode  series  svlteh  has  been  successfully  operated 
as  a  paaslTe  aleroBaTe  power  llaiter  for  Ctf  Input  up  to  65O  aw.  Ihe 
use  aaA  operatloa  of  the  three-elaaent  switch  carrespond  with 
Oarvar's  criteria  that  any  diode  svlteh  providing  high  isola¬ 
tion  with  diode  eoadactlcn  will  function  pasglvaly  as  a  Halter. 

Low  BF  power  does  not  cause  significant  diode  coaductlonj  while  hltfi 
JRF  power  reaults  la  eoaductlon  which  changes  the  diode  lepedannsj  ln> 
creasing  the  atteonetloa.  "^5 

Jtr  ebort-ciireoltii^  the  diode  blaelng  terainale  of  the 
three-aLaaent  awlteh,  a  relatively  flat  Halting  ebaraeterlstlc  has 
beea  obtained,  thing  three  silver-beaded  diodes^  the  output  power  la 
Halted  to  1.8  m  for  ea  laeldeat  power  of  5OO  aw  OH,  es  Hlvetvated 
In  Fig.  <S.  3he  output  chezaeterlatlc  of  Fig.  6  while  not  perfectly 
flat,  ahows  an  laereaee  of  only  O.7  ^  In  output  for  an  Increase  In 
input  power  fras  10  to  ^00  aw.  For  the  sane  three  dlodee^  Fig.  7 
depicts  the  ftrevusney  dependence  of  the  llaiterr  ahowiag  a  peak  Isola¬ 
tion  of  2k,6  db  with  a  ao  db  iaolatloo  bandwidth  of  207  Ne/s*  Tbe 
low-level  inaertlon  lose  at  2^  aierowatta  la  lass  thauc  0.6  db  frea 
9^1  to  9*^5  Oe/a  rising  to  1.2  db  at  9.6  Qc/s.  Other  units  have 
beea  teetad  which  give  a  low-level  Inaertlon  lose  of  lees  then  1.05 
db  over  the  ehole  band  for  loss  of  1  db  in  Isolation^  and  a  all|^ 
xaurroving  of  the  20  db  bandwidth. 

A  techalgu0>  gluing  Halted  output  power  at  levels  lower 
than  oen  be  obtained  with  the  three-diode  Halter  Just  described.  Is 
svailable.  This  technique  utlHses  tbe  reetifleetlao  propertlee  of 
the  sHver-booded  diode  which  Is  reported  to  have  a  rectification 
ratio  of  100.19 

The  diode  first  seen  by  the  Incident  alcrowave  energy, 
diode  A  in  Fig.  8  le  Inserted  In  Its  aount  in  a  direction  opposite 
to  the  direction  of  Insertion  of  diodes  B  and  C.  The  diode  teral- 
oals  are  then  connects  to  each  other.  Maasoraanta  Indicate  that 
aoat  of  the  Incident  alercwave  energy  la  ahaorbad  In  dloda  A,  giving 
rise  to  a  substantial  rectified  current  whloh  at  500  aw  of  Input 
power  la  as  hl|^  as  10  as.  Since  diodes  B  and  C  have  been  Inserted 
In  thel?  respective  aounta  In  a  direction  of  "easy  current  flow,"  tbe 
current  frea  diode  A  biases  diodes  B  and  C  into  forward  conAuctlon. 
la  this  state,  each  dlodo  represents  a  high  Inpadance  and  If  driven 
deep  enough  Into  conduction  to  a  point  where  resonance  occurs,  the 
diode  lapedance  can  be  very  large.  Thus,  at  Inereasad  input  power 
levels  (200-600  aw)  the  large  diode  Inpedanoe  tends  to  aalntain  a 
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lev  output  pousr  but  aot  4  flat  output  oburmotorlatlc. 

Flguro  9  dfplcts  tbe  output  eharucteriotic  for  this  typo  of 
Halter  vith  the  output  power  Halted  to  1.1  mt  for  650  aw  of  Input 
power.  She  fregueney  dependence  of  the  Halter  la  llluatrated  la 
Tlf.  10.  A  peak  laolatloB  of  30  dh  vith  «  20  db  laolation  bandwidth 
of  245  Ne/a  la  abown.  The  low-level  Inaertlon  loaa  la  leaa  than  1.0 
db  froa  9*1  to  9*45  Oc/a,  rlalng  to  1.4  db  at  9*6  Oc/a.  Thia  fora 
of  the  three^dlode  Halter  give#  higher  peak  laolation  and  broader 
20  db  baadvldtha  at  tbe  expenae  of  an  Inereaaed  Inaertlon  loaa. 

Beoauae  of  the  power  Haltatlona  of  the  dlodaa  and  the 
phyaloal.  dlaenalona  of  the  three  elaaant  varegulde  atrueture,  direct 
i^llcatlon  of  thia  particular  HatLter  to  alHtary  ayataaa  la 
Halted.  However,  appHoatlon  of  technlguaa  derlred  froa  inveatlga- 
tlona  of  alcrowave  aealcooduetor  avltchlng  aechaziiaaa  of  which  the 
three  eleaent  avltch  and  Halter  la  only  one  reeult,  la  not  Halted. 
Theae  Inveatlgatlona  deaonatrated  the  feaalbllity  of  ualng  aaalooo- 
ductor  llaltera  and  avltehea  aa  replaceaenta  for  gaa  dlacharge  type 
duplezera  and  receiver  protectora  In  certain  radara.  Thla  lad 
to  IBASURDL  aponaorahlp  and  aupervlalon  of  aeveral  prograaa  to  devel* 
op  aasiconductor  xecelrer  protectora  for  the  aanpacked  peraonnel 
radara  AV/PP5«4,  5,  and  6. 

A  technique  flrat  uaed  and  developed  In  the  three  diode 
Halter  waa  eaployed  by  the  USAEUIDL  contractor  In  order  to  aeet  the 
technical  requlrenect  and  delivery  date.  Thla  waa  the  technique, 
deacrlbed  prerloualy,  of  ualng  the  rectified  current  of  one  diode  to 
blaa  other  dlodee  with  all  diodes  aounted  in  the  eaae  phyalcal  con¬ 
figuration.  Figure  11  la  a  croaa  aectlonal  view  of  a  500  watt  peak 
diode  Halter  for  use  aa  receiver  protector  In  the  AH/FFB-6  radar 
and  la  also  the  prototype  tae  a  1  EH  peak  aealconluctor  diiplexer 
for  the  All/lTS-4.  In  thla  Halter  a  hlj^  power  detector  diode  la 
recessed  In  the  wall  of  the  waveguide  a  short  distance  preceding  the 
Halting  diodes  and  is  decoupled  sufficiently  froa  the  aaln  trana- 
alaalon  line.  Incoalng  RF  power  la  saaplad  and  datactad  by  the  recti¬ 
fying  diode  and  Its  output  fed  Into  the  Halting  diodes  throu^  In¬ 
sulated  blaa  chokes.  Thla  effectively  svitebea  the  dlodaa  lowering 
the  threshold  of  Halting,  l.e.,  providing  high  laolation  at  lower 
power  levels,  as  was  the  case  with  the  three  diode  Halter  when  the 
rectified  output  of  the  first  diode  biased  the  other  diodes.  Fig. 

12  la  a  photograph  of  the  three  diode  Halter  shown  with  a  1  XH  Z- 
hand  duplexer  for  the  AS/TPS-k  (lower  left)  and  a  500  watt  Z-band 
crystal  protector  for  the  AH/FFS-6  (lover  rl^t).  In  the  left  wall 
of  each  of  the  lower  units  in  Fig.  12  the  recessed  rectifying  eiystal 
la  visible. 

SUMART  ARD  CORGLOBIORS 

The  purpose  of  this  report  was  to  dMcrlbe  a  technique  for 
achieving  series  node  switching  and  Halting  at  Z-band,  xw^ng 
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sealeooductor  diodes  In  «  vsveguide  strxioture.  Svltehlng  vma 
achieved  by  the  application  of  forward  and  reverse  bias  potentials 
to  the  diode  terminals.  When  operated  as  a  svltch,  the  three- element 
configuration  provided  high  isolation  and  low  insertion  loss^  using 
either  silver-bonded  gemanim  varactors  or  silicon  Junction  varac¬ 
tors.  The  better  switching  performance,  l.e.,  higher  isolation  and 
lower  insertion  loss  over  wider  bandvidths  was  obtained  using  the 
silver-bonded  germanium  diodes. 


The  three-element  series  configuration  has  also  functioned 
passively  as  a  microwave  power  limiter.  Oood  limiting  action  was 
attained  only  when  silver- bonded  germanium  units  were  used.  This  can 
be  attributed  primarily  to  the  low  voltage  at  which  these  diodes 
enter  conduction  (approximately  0.3  volt)  and  the  diode  paraseters 
which  allow  resonant  operation.  The  silicon  units  enter  conduction 
at  approximately  0.8  volt  and  have  higher  package  capacitance,  0.4 
jj/itf  precluding  resonant  operation  in  the  S'  to  10  Gc/s  region. 


One  of  the  prlncipcd  disadvantages  of  this  series  mode  of 
operation  is  power  absorption.  Most  of  the  incident  microwave  power 
Is  absorbed  within  the  diodes.  Thus,  for  reliable  operation.  Inci¬ 
dent  power  levels  must  be  restricted  to  levels  lower  than  the  dissi¬ 
pation  ratings  of  the  partlcxilar  type  diode  being  xised  to  prevent 
diode  burnout. 


The  effect  of  harmonic  generation  has  not  been  Investigated. 

It  is  believed  that  this  effect  woxild  only  become  serious  in  the 
case  of  the  limiter  at  the  higher  power  levels.  Thus,  if  the  har¬ 
monics  were  removed  by  a  filter,  the  isolation  at  the  fundamental 
fre<iuency  would  be  enhanced. 

Because  of  size  and  power  absorption  the  three-diode  series 
limiter  aztd  switch  has  little  direct  system  application.  A  two- 
diode  series  limiter  and  switch  has  been  msde  which  will  reduce  the 
size  more  than  half  and  provide  adequate  receiver  protection  In 
moderate  power  (^0  to  100  watts  peak)  radar  systems.  More  important, 
however,  are  the  techniques  and  information  gleaned  from  investiga¬ 
tions  associated  with  the  development  of  the  three-diode  series 
switch  and  limiter.  This  investigation  determined  the  feasibility  of 
further  engineering  effort  and  together  with  techniques  incorporated 
In  the  diode  series  limiter  made  possible  the  successful  development 
of  semiconductor  irecelver  protectors  and  duplexers,  thereby  In¬ 
creasing  the  capability  and  reliability  of  mllitcuy  radars. 

The  author  is  grateful  to  the  following  personnel  of  USAKli^L: 
Hr.  G.  E.  Hamble'*'-on  for  guidance  and  many  helpful  discussions; 

Messrs.  F.  A.  Brand  and  W.  G.  Matthel  for  their  suggestions  and 
Interest;  and  to  Mr.  T.  Seuid  and  Sage  laboratories  for  construction 
of  t’  j  three-element  configuration. 
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INTRODUCnCN 

Information  that  has  boen  encoded  into  a  binary  digital  sig¬ 
nal  stream  constitutes  a  large  part  of  the  traffic  that  must  be  trans¬ 
mitted  over  both  military  and  commercial  comsmnication  systems.  It  is 
therefore  ioqpoz'tant  to  be  able  to  transmit  this  t^e  of  signal  in  an 
efficient  manner.  Monocycle  Position  Modulatiom^)  (MPM)  provides 
such  a  facility  by  furnishing  a  means  for  increasing  the  rate  of  trans¬ 
mission  of  binary  digital  data  vithout  extending  the  bandwidth.  Mono¬ 
cycle  Position  Modulation  is  a  particular  form  of  time  position  modu¬ 
lation  that  features  a  signal  bit  structure  that  is  easy  to  generate 
and  single  to  modulate.  The  MPM  signal  stream  inherently  contains 
synchronising  information  and  possesses  a  power  spectrum  amenable  to 
efficient  transmission,  and  a  signal  wave  shape  convenient  for  corre¬ 
lation  detection.  An  analysis  of  the  power  spectrum  is  given  in  the 
Appendix. 


This  p^)er  will  describe  the  basic  MRt  concepts  and  how  th^ 
are  applied  to  encode  a  binary  diglted  signal  stream  at  the  trans¬ 
mitter,  and  decode  the  resulting  MPM  signal  stream  at  the  receiver. 
Because  the  MPM  system  is  synchronous  and  depends  on  phase  identifica¬ 
tion  for  decoding  at  the  receiver,  a  special  synchronizing  system  has 
been  developed.  This  system  possesses  unique  characteristics  in  that 
it  has  both  short  time  response  under  dynamic  conditions  and  infinite¬ 
ly  long  time  memoxy  under  static  conditions.  The  design  and  operaticm 
of  this  synchronizing  system  will  be  discussed.  An  experimental  model 
of  the  MPM  system  operating  directly  from  a  binary  dl£^tal  signal 
stream  at  3000  bits/second  has  been  built  and  the  results  of  opera tiao> 
al  tests  performed  in  the  laboratory  on  this  system  will  be  given. 

MPM  coNcarr 

A  salient  feature  of  the  conventional  binary  digital  signal 
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a.«  ita  ■tap'funotion  transition  bstwaan  adjacsnt  Mark/spt-O*  and  apaoa 
/■ark  data.  This  atap-fonotion  cbaraetaristie  affacts  tha  signaling 
rata,  ehannal  bandwidth,  arror  rata  and  laplanantation  naoassary  for 
its  utilisation  as  an  InforBatlc^  ccnregror.  The  MR!  ^staa  replaces 
tha  stap'-functlon  with  one  of  tha  form 

_  (1  -  cos  4trt/T)lf  0<t<T/2  (1) 

“  (0  othaivise 

Tha  binary  and  oorraspondlng  KFH  signal  bits  are  illustratad  in  Flg.l. 

Binary  digital  data  is  aneodad  into  a  Bark/space  or  on/off 
signal  foraat}  tha  signals  being  established  along  a  tine  seals  at  a 
periodic  rate.  This  is  Illustrated  in  Fig.  2a.  Tha  corresponding 
signal,  Fig.  2b,  consists  of  a  serial  stream  of  tlse  quantised 
(1  -  cos  41ft/T)  signals.  Tha  tiaa  q\iantlsing  is  exactly  spaciflad 
to  any  one  of  B  distinct  tine  locations  once  every  T  period.  Each  of 
these  tlBs  positions  within  period  T  specifies  a  3-bit  code  such  as 
arbitrarily  assigned  in  Table  I.  By  using  MFM  techniques  it  is  pos¬ 
sible  to  tracsalt  a  3-bit  coda  in  tha  same  tine  required  to  transmit 
a  2-bit  conaantlonal  binary  digital  code.  Kanca  ^  more  Information 
is  tranaaittad  during  equal  tine  periods  by  using  MFM. 

Tha  MPM  system  is  designed  to  operate  directly  on  a  binary 
digital  signal  stream  such  as  shown  in  Fig.  2a.  In  practice,  tha 
binary  digital  information  is  read  synchronously  out  of  store,  such 
as  a  magnetic  or  punched  paper  tape,  and  converted  into  the  sig¬ 
nal  format.  Fig.  2b.  The  MPM  encoding  is  accomplished  by  reading 
simultaneously  3-bit  binary  digital  code  groups  and  converting  these 
to  the  corresponding  MFK  time  position  code  in  accordance  with  Table 
I.  Referring  to  Fig.  2  and  Table  I,  the  first  >-bit  binary  digital 
code  group  is  (010)  and  tha  corresponding  Mm  code  requires  that  the 
signal  bit  be  placed  in  the  2cd  time  slot  as  indicated  in  Fig.  2b. 

The  2nd  3-blt  binary  digital  code  is  (Oil)  indicating  that  the  corres¬ 
ponding  MFN  signal  bit  be  placed  in  the  3ri  time  slot.  The  binary 
digital  to  MFM  encoding  proceeds  continuously  in  like  fashion  where 
3-blt  binary  digital  code  groups  are  converted  to  the  equivalent  MPM 
code.  Referring  to  Fig.  2b,  it  will  be  noted  that  the  MMH  signal 
stream  contains  one  signal  bit  for  each  time  period  T.  This  ebarao- 
teristlo  gives  positive  identification  when  the  system  is  operating 
regardless  of  the  code  being  transmitted.  More  important,  this 
qriasi-perlodle  characteristic  of  the  MPM  signal  stream  can  be  used  to 
convey  synchronising  information  without  the  e]q>endlture  of  addition¬ 
al  power  or  transmission  time. 

It  is  convenient  to  consider  each  of  tbs  8  time  quantised 
positions  within  period  T  to  be  represented  by  e  single  stationary 
phasor.  The  angular  positions  that  these  phasors  can  occupy  are 
shown  in  Fig.  3a,  where  dashed  lines  are  used  to  indicate  the  8  pos¬ 
sible  locations.  As  only  one  MFM  signal  bit  is  transmitted  in  any 
single  time  Interval  T,  only  one  phasor  location  is  occupied  during 


uroiR 


vnav 


It  8l»uld  also 
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fixsd  and  squally  spaesd  7f/4  radians  iqsart.  This  sqoal  ^Mioinc  bs- 
tvssn  pbasor  locations  allows  ths  ass  of  an  8  baroonio  oonnt  of  tbs 
basic  MPM  bit  frsqusnoy  f  -  2/1  to  aoouratsly  sstablish  ths  8  tins 
quantissd  positions  within  saob  tias  intsrral. 

Ths  MFM  signal  strsan  Fig.  2to,  ean  bs  szprssssd  as  a  fane- 
tion  of  tins  as  followst 
oo 


f  W  =E  ['  -  cos  12 1 1  - -  nTj  fit  -  -  nr)  -u[t- 


n=-oo 

«disrs  k«Q,l,2„3,4,5.6  or  7  u(t) 
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kT  u  I 
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fc  0 
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As  ean  bs  sssn  fron  (2)  ths  spscifie  Talus  of  k  dstsrninss  ths  tins 
quantissd  position  oeeopisd  by  ths  signal  bit  in  ths  eorrssponding 
tins  period  T.  Ths  factor  k  thsrsfors  contains  ths  nsssa^  content. 

Decoding  the  MPM  signal  strsaa  at  ths  rsosiTsr  consists  of 
regenerating  ths  original  binary  digital  signal  strsaa  fron  ths 
transnltts  >  MPM  signals.  A  prsrsquislts  for  aeeonpllshlng  this  is 
that  ths  frequency  f  -  2/1  and  its  ssro  phase  position  bs  known.  This 
is  illustrate  in  Fi^,  4  where  (a)  is  ths  MPM  signal  strsaa  corres¬ 
ponding  to  ths  transnlsslon  of  periodic  binary  (000)  and  (b)  is  ths 
required  receiver  generated  rsfsrsnes  signal.  Ths  reference  signal 
Is  obtained  fron  the  local  clock,  which  in  turn  is  synchronised  fron 
the  inconing  signal  strsan. 

Fron  the  reference  signal  Fig.  4b,  it  is  possible  to  estab¬ 
lish  ths  four  quadrature  phase  relationships  represented  by  phasor 
diagram  Fig.  3b.  Here  the  four  orthogonal  phasors  are  shown  as  solid 
lines  to  indicate  that  all  four  signals  are  continuously  available  at 
the  receiver.  Decoding  is  aocooplished  b7  performing  periodic  corre¬ 
lations  between  the  incoming  MRf  signal  stream  and  the  four  quadra¬ 
ture  reference  signals;  identification  of  the  quantised  tlam  position 
ooeu^pled  by  the  trauamltted  signal  being  established  in  relation, 
the  reference  phasor  providing  maxlmoa  correlation.  Correlation' 
techniques  can  be  readily  applied  for  signal  decoding  because  of  the 
orthogonal  relationships  between  various  time  qiiantised  positions 
used  for  eneeding,  the  fixed  duration  and  cosinusoidal  nature  of  the 
MPM  signal  bit,  and  the  availability  of  4  quadrature  reference  sig¬ 
nals.  The  decoding  proeedtu^  continuously  identifies  the  tine  slot 
oe<nq}ied  by  the  MPM  signal  bit  during  each  period  T.  When  the  time 
position  is  established  simple  logic  transforms  this  information  into 
the  oorreqpondicg  binary  digital  code  in  accordance  with  Table  I. 

SINCHRONIZATIOII 

While  xko  special  provision  is  made  for  the  transmission  of 
synchronising  data  such  information  is  Inhermtly  contained  in  the 


497 


I 

¥ 


aoBfit 

nm  alsBiil  str^uB  a&tajf«  ax  Uw  moodiag  t*eteiqpM*  This  MMns 
that  tha  qrataa  doaa  not  r«q[alr»  additional  tlio  or  powar  to  traoMlt 
qmehronlslnf  data.  To  axtx'aot  nyndnronialm  data  trm  tha  traaa- 
■Ittad  alfnal  raqolraa  a  mmdzt  oharaetarlatie  at  tha  raoalrar.  For 
eoa^antlonal  oparatloa  a  short  tins  Maoiy  sash  as  soppliad  hgr  a 
"fly-vhaal"  tgrpa  of  oseiUator  Is  sufflelaat.  Bowavar,  tha  ^fstsa 
oparatloa  oan  ba  oonsldarabljr  snhanoad  tha  osa  of  a  aastar  olook 
that  is  fraqoMiaj  oontrollad  hgr  a  apaolal  analog  nanoi^  that  will  ba 
dasorlbad. 


To  Tlsnallsa  how  sTBobronlslaf  infon»tian  Is  oonrayad  bj 
tho  MFN  signal  straaa  it  will  ba  rawsnhsrad  that  tha  signal  hit  oan 
occnpf  only  ons  of  8  aqoalljr  dlsplaoad  tljss  slots  within  ths  sjmohron- 
ous  period  T.  laeh  sneeas^Ta  tlM  slot  balag  di^laoad  T/16  saoond. 
Vow  If  aaeh  of  tha  (1  -  eos  41Tt/r)  signal  bits  is  nanssd  to  ganarata 
a  raetangolar  signal  of  duration  wnoh  lass  than  T/l6  it  would  ba  pos-> 
albla  to  oaag>ara  this  pfulsa  atraan  with  a  looally  gansratad  slna  wava 
of  parlod  approxlaataljr  T/16.  Juaj  fraquansj  or  phasa  dlffaranea  ba- 
twaan  pulaa  train  and  sins  wara  oan  ba  uaad  to  ganarata  an  arror 
▼oltaga  that  In  tom  Is  appllad  to  a  voltaga  oontrollad  osolllator 
tharabT’  affaeting  a  fraqnanecr  ebanga  In  tha  slna  waaa  until  It  Is 
lookad  with  tha  pulaa  train.  This  taohnlqua  of  fraquanogr  and  phasa 
look  Is  an  old  ona  that  Is  wldaly  uaad.  Tha  only  dlffaranoa  hare  Is 
that  tha  pulaa  train  is  not  strletly  parlodic  but  doas  hara  a  quaal- 
pariodi,o  obaraotar,  in  that  snooassira  paisas  bars  randan  spaeings 
that  ara  Inti  gar  noltlplas  of  T/16.  This  naans  that  whan  thasa  pulaaa 
ars  si4>arlnposad  on  a  locally  gaoaratad  slna  wars  of  tha  sans  parlod* 
oolneidanoa  will  always  occur  at  tha  aana  phasa  angle.  This  oan  ba 
aaan  bgr  rafaranos  to  Fig.  5  whara  coiocldanca  is  shown  at  saro  oross- 
OTsr  of  tha  slna  wava. 

A  si^plifiad  block  dlagran  of  tha  qrnohronlalng  iqrstan  Is 
shown  in  Fig.  6.  T!a  Ametlon  of  tha  phasa  conparar  is  to  offset  tha 
sopariaposlng  of  tha  wares  shown  in  Fig.  5  and  produce  an  output  sig¬ 
nal  proportional  to  any  phasa  angle  change.  This  signal  is  than 
stored  in  tha  nsnoxy  circuit  for  subsaquant  application  to  tha  voltags 
oontrollad  osolllator  uaad  as  tbs  nastar  clock.  Tha  oonrontlonal 
approach  to  tha  design  of  a  store  is  to  uaa  an  RC  Intagratar  for  tha 
mmorj  that  has  a  tins  constant  ■ueh  greater  than  ths  rata  of  data 
raadln.  Tbs  dlaadrantags  of  ths  BC  and  alsdlar  tjpas  of  intagrators 
Is  that  whan  tbs  tranaoittad  signal  Is  lost  tbs  asaoiy  dlsebargas  ba- 
oansa  of  Its  finite  tlos  constant.  Such  a  condition  produces  an  unda- 
airabla  change  in  tha  local  clock  fraquancF.  VIhat  Is  dssirod  Is  that 
idian  tha  tranadlttad  signal  Is  lost,  tha  osoory  retains  Its  last  oor- 
ractad  rslua  and  tharafora  holds  the  local  clock  fraquanoy  accordingly 
as  this  is  tha  bast  bit  of  synchronising  Inforaaticm  that  is  arallabla. 
This  will  assure  ■Iniaua  drift  of  the  local  olook  Inprorlng  the  prob- 
abllltj  that  sjrncbronlsatlon  will  not  ba  lost  on  short  tan  signal 
fades. 


An  analog  Mooiy  circuit  has  bean  daralopad  which  waats  tha 
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aboT*  raquiraunta.  In  that  it  poasaaaaa  a  Maoiy  with  tha  abilltj  for 
rapid  chanfa  inidar  itjnamie  oondltiona  and  infiaita  MHorj  ondar  atatio 
eondltiona.  Thia  iMaorf  uaaa  a  pair  of  tapa-voond  aagnatio  ooraa  (3) 
■ada  of  aquara-loop  aagnatio  aatarial.  Coraa  of  thia  tjpa  hava  tbair 
dowtina  oriantad  along  tha  diraotioo  of  tha  tap#  in  aithar  of  two  op- 
poaiag  diraotiona  with  thair  flux  danaitj  baing  aaaautialljr  oonatant. 
Tha  raaanant  atata  of  tha  oora  oan  ba  dafiaad  bj  tha  oat  flux,  which 
ia  ainply  tha  diffaranoa  batwaan  tha  fluxaa  in  tha  oppoaitalj  diraetad 
doaaina.  It  ia  tha  nagnituda  of  tha  roannant  flux  that  ia  uaad  to 
atora  fraquaaqy  and  phaaa  arror  inforaatioo.  To  uaa  tha  tapanwound 
aagnatic  oora  aa  a  wamorj  for  fraquaa^  and  phaaa  control  tha  walua  of 
tha  raaanant  flux  la  ohaogad  in  aocordanca  with  tha  arror  signal  da- 
Talopad  ac  a  raault  of  fraquanej  or  phaaa  diffaranoaa  batwaan  tha  eoa- 
parlng  aignala,  A  nondaatrootlva  readout  of  tha  flvix  atata  ia  prowid- 
ad  bgr  naana  of  an  rf  oarrlar  Induoad  In  tha  coraa. 

coNaosioirs 

The  Mm  arataa  ia  designed  for  tha  purpose  of  Inoraaaing  tha 
affioienpjr  in  tranaBiaslon  of  blnazy  digital  data.  To  datamina  how 
auccaasful  tha  Km  taohnlqua  la  in  aoooiqpllshing  thia,  an  asqparimontal 
nodal  of  tha  ajataa  operating  at  3000  bits/aaooml,  has  bean  built  and 
taatad  under  laboratory  eondltiona.  Tha  results  of  thasa  teats  indi- 
cata  that  tha  ay  stem  ia  faaaibla,  oporataa  raliablj  and  parfoma  aa 
pradiotad.  Tha  aystaa  was  oparatad  over  a  short  wirt  lins  with  a 
channsl  bandwidth  of  approxinatsly  300  to  3500  uyclss/ascond.  A  con¬ 
trollable  source  of  Gaussian  noise  vaa  added  at  tha  input  to  tha  line. 
With  tha  trananiaalon  of  randon  bita  tha  ayatan  produced  on  an  aTaraga 
of  1  arror  in  ].0^  bits  with  a  signal-to-noisa  ratio  of  20  db.  At  18 
db  aignal-to-noiaar  tha  arror  rate  was  1  in  10^  bits.  Tha  operation 
of  tha  synchronous  phase  lock  systaa.  Fig.  6^  has  been  axtraaely 
stable.  By  using  tha  tape-wound  nagnetio  oora  nasK^ry  as  tha  source  of 
control  for  tha  naatar  clock  no  degradation  in  its  frequent  stability 
was  noted. 


The  increase  in  the  infomation  danaity  contained  iu  tha  Mm 
signal  over  that  of  the  original  binary  digital  signal  is  the  direct 
result  of  tha  encoding  technique.  Tha  price  that  aust  ba  paid  for 
this  spaed  inersaaa  is  a  aodarata  inoraaaa  in  tarninal  aqulpaiant  and 
a  possible  iooraasa  in  tha  arror  rats  for  thraahold  sign^-to-nolaa 
conditions.  No  additional  bandwidth  ia  required  to  handle  tha  in¬ 
creased  transnisslon  spaed.  To  substantiate  thia  last  sta tenant,  raf- 
aranca  is  nade  to  tha  power  spaetruai  analysis  of  the  two  signal!^ 
conditions,  randan  Km  and  blnaxy  digital,  giwan  in  the  Appendix. 

Tha  first  part  of  tha  enalyais  is  general  and  shows  how  tha 
signal  power  Is  distributed  as  s  function  of  fraquanqy  for  a  signal 
CGoposad  of  a  aaquanca  of  pxilsas  whose  positions,  relative  to  their 
unnodulated  positions,  veury  according  to  tha  nodulation.  This  aodula- 
tlon  is  treated  statistically,  tha  position  of  any  pulse  baing  assuiaad 
to  be  statistically  independent  of  any  of  the  other  pulses.  The  gen- 
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«r«l  (l«riT*d  for  th«  i^p«otrftl  pov«r  diBiribatlea  !•  glrmln 

( 23) .  Equation  ( 23)  dlaelOBaB  that  th*  povBr  apBotnai  eoDBlata  of  two 
parta,  a  oootlnuoua  tara  and  a  dlaorata  tans.  In  tbs  absssoa  of  ttod- 
ulatloot  K(f}  s  1  and  tbs  contlnuotia  tsni  Tanlahsa.  This  is  tbs  dls- 
orsts  spsctnoi.  Tbs  oontlnuous  tsni  la  (23)  la  ths  rsaolt  of  randoa 
aodulatloa,  which  aodlflsa  ths  dlaersts  apsotm  bgr  a  factor  K(f)  and 
latroduosB  a  powsr  tsra  with  a  oontxanoos  spsctrua. 

Whsn  ths  gsnsral  ii^aults  ars  applisd  to  ths  MFM  signal  tbs 
rsaultlng  p>owsr  apsetnni  la  glrsa  hgr  (27)  whsrs  aa  bsfors  ths  first 
tsm  apsolflss  ths  ooatiauous  spsetma  and  ths  aseoad  tsm,  ths  dls* 
orsts  spsetruB.  A  graphical  plot  of  ^(f),  (27)  la  shown  in  Fig.  7 
whsrs  ths  ooBtinxioas  tsra  is  rsprsasatsd  b/  tbs  ahadsd  arsa  Indicat¬ 
ing  a  "sBsarlng"  of  ths  powsr  aa  coaparsd  to  tbs  psriodio  condition 
whsrs  ths  powsr  is  oonesatratsd  in  dlaersts  qisotral  llnss.  Ths  wsr- 
tical  arrows  Indlcats  ths  frsqnsn^  location  of  ths  dlaersts  powsr  in 
ths  randonij  nodulatsd  MFH  signal.  Ksfsrrlng  to  Fig.  7  it  can  bs 
assn  that  noat  of  ths  powsr  la  bslow  frsqnsno}r  3/T.  If  ths  de  tsm 
la  nsglsctsd,  aa  la  psmiaslbls  In  ths  MM  qratm,  approxlnatsly  82^ 
of  ths  ao  powsr  is  looatsd  la  ths  frsqusnej  band  ^twssn  l/4T  and  3/T< 
This  la  a  faworabls  distribution  with  rsspsot  to  ohannsl  utlllaation. 
Rsfsrring  to  Pig.  2b  it  will  bs  noted  that  ths  MM  signaling  frsqusn^ 
la  1/T  and  saeh  algnal  la  sneodsd  %rlth  3  bits.  Banco  a  rats  slightly 
bsttsr  than  a  bit  par  oycls  la  bslng  tranaodttsd  in  ths  l/hJ  to  3A 
frsqusncy  band. 

Equation  (23)  sxprssass  tbs  ac  powsr  distribution  as  a  func¬ 
tion  of  frsqusncy  for  ths  binary  digital  algnal  as  shown  in  Pig.  2a. 
This  powsr  function  la  plotted  as  a  dashed  line  In  Fig.  7.  Ths  powsr 
dlstrlbutlou  of  tbs  binary  digital  signal  being  rsprsssntsd  the 
arsa  under  this  oums.  It  can  bs  assn  that  this  powsr  distribution  is 
conosntratsd  at  ths  lower  frsqasnoiss.  Only  approxiaatsly  yjf  of  ths 
ae  power  la  located  In  the  1/4T  to  3A  frequency  band.  When  this  la 
compared  with  approxlMtsly  8^  of  the  total  ac  power  being  located 
In  ths  SOBS  frsqusncy  band  for  ths  MM  cystsa  its  superiority  with 
respect  to  channel  utlllaation  is  clearly  indicated.  It  should  also 
bs  noted  that  power  spectral  cciqparlson  is  nade  for  an  MM  syetsa 
transaittlng  50^  aors  infomatlon  than  the  conparlng  binary  digital 
cysts*. 
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APP^'DIX 


Th«  following  la  a  ganaral  anedjreia  of  a  signal  coapoaad  of  a 
aaquanca  of  pulaaa  whoaa  poeltions,  relatlva  to  tbair  unsodulatad 
poaitlona,  vaiy  according  to  th«  taodiilation.  This  aodulation  la 
traatad  statiaticall/,  tha  position  of  any  pulsa  balng  aaaunad  to  ba 
atatiatically  Indapandant  of  any  of  the  othar  pulaaa.  Tha  raaulta  of 
tha  ganairal  analyaia  ara  applied  to  the  MPM  signal  where  the  starting 
times  tQ  can  be  aaaunad  any  one  of  eight  possible  values  with  aq’ial 
probability. 

The  method  of  analysis  proceeds  as  followst  The  MFM  signal  f(t; 
Fig  2b  is  replaced  by  a  signal  fK(t)  which  is  identical  with  f(t)  for 
-NT  t  •=  (N+1)T  and  is  aero  els  .where.  The  Fourier  transform  F|f(f) 
is  found,  and  the  average  energy  jF(f(t)|^  is  determined.  This  is 
divided  by  (2N+1)T  to  obtain  the  average  power  and  the  power  spectrum 
of  f( t)  is  found  as  the  limit. 


<P{f)  = 


lim  Z|F^(t)|^ 

N-eoo(2N+|jT 


(3) 


Let  g(t)  fig  1  be  the  pulse  signal  and  let  f(t)  Fig  2b  be  the  MFM 
signal.  Then 


oo 


f(+J=Z  g^+-fT-+„J 

n=r-00 


n=  -N 
oo 


g^t-nT-tJ 

-jztrrt 


yt)=S 

"  n  = 

N  r 

=  i  / 

n  =  -  N  ^ 

J—  OO  h=-  N 


C4) 

(5) 

(6) 


e  dt 


or 


oo 

F(f)  =  GVf)Z 

N  n  =  -  N 


where 


2  ^ 


(7) 

(6) 

(9) 
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Than 


N  N 


■  -  I  I  -  •  f 

N  n=-N  m=-N 

N  N 


l^«!  = 


S  I  z'’ 

Hi  -N  m  =  -N 


m 


do) 


^ore  we  use  a  bar  to  denote  enaenble  (atatlatical)  averages.  Aaaun- 
ing  that  tn  and  Iq  are  statistically  Independent,  n  n  and  assuBdlng 
that  the  probability  densities  p  ( tn)  are  the  same  for  all  n,  we  have 


I'f  n  =  m 

if  n  ^  m 


(ly 


-Le  t 

and 

Then 


M  „  l.-J""" 
«..= 1 


if  n  =  rn 
if  n 


(12) 

03) 


e-J2"<''n  K(f')=6^  0-K(f))+  K(f)  (14; 

Substituting  (I4)  in  (10)  we  obtain 

k(dp=  |G(dp[  E  E  z'’z*'"6(l-K(f)}t^  S  z^z'^Kld 

'  ‘■n=-Nm=-N  nm  n=-Nnn;-N  ^ 

|G(ff[(2N  +  l)(l-k(f»+KV)  I  E  z"|^] 

n=-N 

Thus  we  obtain  the  following  approximation  to  the  power  spectrum: 

d{f)= 


(15) 


F^(f) 


(2N  +  I)T 


Let 


|G{f)p 

(l-K(f))  +  K(f), 

N  h 

E  ^ 

n=;-N 

2' 

T 

(2N  -I-  1) 

N  f 
^  n=-N 


(16) 

(17) 

(18) 
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Evalv&tJng  th^o  •«rl9#  w«  obtain 

J  (f)-  COS  N2rrfT+  Sin  N2,TTf  T  COtirfT  (l9) 

N 

p 

Uo  ar«  prijnarlly  lnt«r«9ted  In  tha  liBitlnij  batiavlor  of  l-iNidV 
(2IJ+1)  as  N-^-oo.  For  N  larga  and  C  aaall 


2N4- 1 


Sir^NZlt'fT  cot^TffT  dfor  I 


(20) 


Where  the  approxiniatlon  becomes  exact  (for£'~*-0)  as  N-^oo.  Thus 
f )  f  V(  ^  approaches  an  iap\ilao  train,  the  period  being  1/T, 


I  im 
N-*-  oo  2N 


oo 


N+ I  T  r  T  ' 


•  ^  ^(f-  > 

Ka  -oo 

Using  this  result  in  connection  with  (17)  ant  (13) 
1 1  m 


(20 


d)(f)=  <b  (f) 

r  '  '  N  _,<xj 


(22) 


(23) 


For  the  periodic  condition  where  t^  is  not  random,  K(f)=l 

k  =  -c« 


\C3^' 


The  general  results  (23)  are  now  applied  to  MPK  eignale  (1)  where 
starting  times  assume  one  of  the  values  V  T/16,  k=0,  1,  2,  ...  7, 
then 


\m-- 


Sir  ^fT 

_ 2 _ 


TTf 


(24) 


The  quantity  K(f)  is  found  from  the  probability  density  function 


P("n)=-fZ 


K=  o 


bl 

16 


(25) 
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m 


«ni 


SinIKT 

? 


esin  iLfT 

16 


CosbAiii.ii|j  V  23^  l24)  «n3  (26}  wa  th»  powar  apactruin  for 

randomly  laodulataJ  MPM  signal. 


(26) 


(27) 


By  tha  same  general  approach  it  can  be  shown  that  the  power  spectrum 
for  the  randomly  modulated  binary  digital  signal  is 


(26) 
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PKPARTIgMT  or  TOI  ARIg  (Contitmad) 


CoMiDdlnc  OfflMr  I 

krmj  R»M«reh  Offio«  (DarhMi) 

Box  CM,  Dok*  Station 
Dnrhan,  Worth  Carolina 

Chlaf  1 

US  Joitj  BAP  Maaion  Qronp  (9?83)  (Soropa) 

APO  757 

M»v  York,  Wav  York 

Coaundlng  Offloar  1 

QB  Ar^f  HIP  Qroap  (Far  Baat)  (99SU) 

APO  3U3 

San  Fraaoiaoo,  California 

Chlaf  1 

IB  Anqr  Saonrltj  Agonoy 
Arlington  Ball  Station 
Arlington  12,  Tlrglnia 

Oapaty  Chlaf  of  Staff  for  lioglatiea  1 

UnltaA  Stataa  Anor 
Vaahlngton  25,  P.  C. 

Papuly  Chlaf  of  Staff  for  Military  Oparatlona  1 

Unltad  Stataa  Ar^jr 
Vaahlngton  25,  P.  C. 

Papaty  Chlaf  of  Staff  for  Baraonnal  1 

Unltad  Stataa  An^y 
Vaahlngton  25*  P*  C. 

Aaalatant  Chlaf  of  Staff  for  Intalllganoa  1 

Unltad  Stataa  Arny 
Vaahlngton  25«  P.  G. 

GoaMDdlng  Offloar  1 

US  Anqr  Riraonnal  Kaaaaroh  Offloa 
Vaahlngton  25,  P.  C. 
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Arnr  Mif  rl«l 


CoiMandlng  OstMral 
n.  S.  ArNQT  Material  CcwMiid 
Waahlogtoa,  D.  C. 

Cmmandlng  Qanaral 
U.  S,  Anqr  Material  Conund 
Attnt  AMCSA-Chief  Solentist 
Waahington,  D.  C. 

CotMandlng  Qanaral 

0.  S,  Amu*  Material  ConMatxi 
Attnt  A>CM3 
WeahlngtoD,  D.  C, 

Comanding  Oenaral 
Q.  S.  An^jr  Materiel  Coniand 
Attnt  AMCMU 
Waahlngton,  D.  C. 

Coananding  General 
U.  S.  Atb^  Materiel  Comand 
Attnt  AJCAD 
WAahlngton,  D.  C. 

CoMundlng  Oenaral 
U.  S.  Army  Material  Conund 
Attnt  AlCIS 
Vaahlngton,  D.  C. 

Coaaandlng  Oenaral 
U.  S,  Army  Material  Coanand 
Attnt  AM3CP-C 
Vaehlngtonj  D.  C. 

Conaandlng  Oenaral 

U.  S.  An^  Nitarlel  CoiMaiidl 
Attn:  AICIU).? 

Waahitsgton,  T.  C. 

Coananding  Oenaral 
D.  S.  A^  Metarlel  Comand 
Attnt  AHJRD-I 
Waahington,  D.  C. 

Coananding  OatMral 
U.  S.  Army  Materiel  Comand 
Attnt  AMDRD-DE 
Waahlngton,  D.  C, 

Coananding  General 

Armr  Material  Ccwiand 
Attnt  ANCOG 
Vaahlngton,  D.  C. 

Coananding  Oenaral 
0.  S.  Anejr  Metarlel  Ccanand 
Attnt  an::ro.im 
Waahlngton,  D.  C. 

Coananding  Oenaral 
0.  S.  Army  MLaalle  Coaeund 
Badetont^  Araenalj  Alabeaa 
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Armr  Witrlgl  Co—od  (contltmad) 


CoiHUiidlng  Oaneral  I 

n.  3.  Aritif  Mlsalle  Coiamand 
Attnt  Director  of  HLasilo  Intelllgaric# 

Rvdotona  Araanalj  Alabama 

Conmatiding  Oeneral  1 

Whlta  Sands  HLsalla  Range 
Lae  Cruoos,  Ifew  ffaxlco 

Commanding  General  1 

TJ.  S.  Electronics  Proving  Ground 
Fort  HuaohttcSf  Arisons 

Comnandlng  Oeneral  1 

tJ.  S.  Armj  Satellite  ConRunicstlons  Agency 
Fort  Mononouth,  Hav  Jersey 

Commanding  General  1 

U.  S.  Amy  Tank-AutomotlTa  Center 
Warreoj  Michigan 

Comnandlng  General  1 

U.  S.  Army  Electronics  Command 
Fort  Monmouthj  New  Jersey 

Coisaanding  General  1 

U.  3.  Army  Mobility  Connand 
Warreni  lfi.chlgan 

Commanding  General  2 

0.  3.  Azmy  Munitions 
Dover I  New  Jersey 

CoBBiandlng  General  1 

tJ.  S.  Arny  Supply  &  Maintenance  Command 
Washington^  D.  C. 

CoRBiandlng  General  1 

IT.  S.  Army  ^st  ft  Evalxiatlon  Command 
Aberdeen  IVoving  Ground,  Maryland 

Commanding  General  1 

TJ.  S.  Amy  Weapons  Command 
Rock  Island  Arsenal 
Rock  Island,  Illinois 

Connandlng  General  2 


U.  S.  Army  Weapons  Comnsnd 
Attnt  R^d)  Directorate 
Rook  Island  Arsenal 
Rock  Island,  Illinois 

Commanding  Oeneral  2 

Natick  La'criratories 
Natick,  Massachusetts 
Commanding  Officer 

n.  S.  Army  Foreign  Science  k  Technology  Center 
Munitions  Building 
Washington,  D.  C. 

Comnandlng  Officer  1 

S.  Amy  Ballistic  Laboratories 
Aberdeen  Proving  Ground,  Maryland 
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Ariy  lfatTl»l  Co— od  (contiiwd) 


CoMwndlng  Offloor  1 

U.  S.  Army  ■twan  Aisinoorlng  loboratorloa 
Abordooa  rrcrring  Qroand,  iiiiyltnd 

ConMndlng  Offloor  1 

U.  S.  Arojr  Cootinf  &  Choolcol  Liborotorj 
Abordoon  fYorlng  Qround,  ISar/laml 

CoHMDdlng  Offloor  2 

U.  S.  Armjr  Cold  Kagloos  Resoaroh  and  Bnglnooring  Laboratorj 
HanoTor,  Mav  Hampahlro 

CoaBiatidlng  Offloor  X 

C.  S.  Anqr  Matorlola  Koaoaroh  Agoacj 
Vatortovn  Araonal 
Vatortown,  Maasachttoetta 

Conmaodlng  Offloor  2 

Hany  Dlanood  Laboratorloa 
Waahlngton,  D.  C. 

Gocaaanding  Offloor  I 

U.  S.  Any  Ifocloar  Dofanao  Laboratory 
EdgoMDOd  Araotialj  Maryland 

Coivtandlng  Offloor  1 

Abordoon  Prorlng  Qroutkl 
Abordoon  Proring  Qroond,  Maryland 

Connandlng  Offloor  1 

Dngway  Proring  Qroond 
Salt  Lako  City,  Ctah 

Conmanding  Offloor  1 

Edgowood  Araanal 
Edgovood  Araonal,  Maryland 

Coanandlng  Offloor  2 

Frankford  Araonal 
Fhlladolphla,  Pannaylrania 

Goamandlng  Offloor  2 

Ploa tinny  Araonal 
Doror,  Sow  Joraey 

Commanding  Offloor  2 

Rock  Inland  Araonal 
Rock  laland,  Illlnola 

Coraianding  Offloor  2 

Springfield  Armory 
Springfield,  Maa^achuaetta 

Commanding  Offloor  2 

Watorrllet  Araonal 
Watorrllot,  Saw  York 

Commanding  Offloor  1 

n.  S.  Arwif  Blologloal  Laboratorloa 
Fort  Dotrlok,  Maryland 

CooBJindlng  Offloor  1 

U.  S.  Any  Cbomloal  Roaoaroh  &  Davolopmont  Laboratorloa 
Edgawood  Araonal,  Maryland 
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Arnf  Mitrlcl  Co— UDd  (contliroxi) 

woHMDding  OfflMr  1 

U.  S.  Anty  llAotronioa  R*a«arob  &  DaTalofaaant  Laboratory 
P.  0.  Box  205 
Mountain  Viaw,  California 

CoMMOdlng  Offloar  I 

U.  S,  Aimf  En^oaar  Raaaarah  It  DaTalopaant  Loboratorlaa 
Fort  Balrclr,  Flrglnla 

CoaMndlnt  Offloar  1 

U.  S.  Army  Aranaportatlon  Raaaaroh  CoMMod 
Fort  BuatlOf  Flrflnla 

Offloa  of  iba  Arojaot  Manafar,  CCIS>70  1 

Inqr  Mitorlal  CoMiad 
Fort  BalToir,  Fircinia 


OffLoa,  Chlaf  of  fc^oaara 

Chiaf  Of  l^loaaro  ii 

Dapartint  of  Arw 
HMkiiVioo,  0.  C.  203X5 
Attas  ObLof  Solaotlfle  Advlaor 

CaoModioi  OaoBral  1 

V,  3,  inf  SaciMor  OlTlolon 
OMo  Hoar  Dtrlalao  Laboratorioa 
Clnoionail  27«  Ohio 

Olraotor  2 

0.  9.  Anqr  MatanMyo  Aparloant  Station 
F.  0.  Box  631 
fioksborg,  RLaalaatppl 

Diraetor  1 

U.  S.  Arogr  lEnginoar  Oaodaay  IntalUganoa 
and  Nopplng  BAD  Aganey 
Fort  BalTolr^  Firglnla 

Offica  of  Tba  Surgaon  Qanaral 

Iba  Surgaon  Oaoaral  1 

Onitad  Stataa  Angir 
Waahington  25,  D.  C. 

CoMundlog  Oanaral  1 

0.  S.  krmy  Nadlcal  BIO  Coamnd 
Waahington  25,  0*  C. 

Caonandlog  Offloar  1 

0.  S.  Atmt  Baaaarch  Inatituta  of  Enrrlroiaiaatal  Nadieina 
■itiok,  Mataaohut jtta 
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Offlo»  of  1h<  SttTfon  Qgnral  (contlnwd) 

Coaundinig  Officer 

n.  S.  Armf  ffedleal  Reaeereb  Leboretorjr 
?crt  luiDXf  Aenltici^ 

Coaaandlnf  Officer 

0.  S.  Ar^f  Hidicel  Reaearcb  Ic  Nutrition  leboratory 
Titaalaona  Any  Hoapltel 
Demrer  30,  Colorado 
CoMiandlQg  Officer 

U.  S.  Aray  Surgical  Reaeatxsb  Unit 
Brooke  Araor  Medical  Oanter 
Fort  Saa  Bouatonj  Taxaa 
Coaanding  Officer 

Medical  BqulpaMat  Developeieat  Laboratory 
Fort  Totten^  Rea  York 
Director 

Walter  Reed  Aray  Inatitute  of  Reaearcb 
Walter  Reed  Aray  Medical  Center 
Waabington  12,  D.  C, 


Other  Aray  Agencjea 

Aray  War  College,  Iilbrary~B-205 
Car 11a la  Barracka 
Carliale,  Bennaylranla 
CoaaMDd  aod  General  Staff  Collage 
Fort  LeaTenaorth,  Kanaaa 
Attn  t  Library 
CoBBMndlng  General 
U.  S.  Continental  Any  Conmand 
Fort  Ifenroe,  Virginia 
U.  S,  Continental  Aray  Cowand 
U.  S.  Ccaibat  Derelopawnt  ExperiMentation  Center 
Fort  OxxJ,  Ccllfornla 
Office  of  Special  Waapooa  Derelopteent 
Fort  Bliaa,  Tezaa 
CoadMt  Operatiooa  Reaearcb  Group 
Headquarter  a.  Continental  Araqr  Coanaod 
Fort  Monroe,  Virginia 
aidant 

U.  S.  Aray  Air  Dafenae  Board 
Fort  BUaa,  Taxaa 
CoadMt  IHiYelopManta  Office 
U.  S.  Any  Infantry  School 
Fort  Bennlnf,  Georgia 
Superintendent 

tfnited  Statea  Military  Aeadeay 
Meat  Point,  lev  York 


1 

1 


1 


1 

1 


1 

1 

1 

1 

I 

1 

I 

1 

1 
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DSFutTMSvr  or  HI  katt 


Chl«f  of  1kf»l  OporotloM  1 

Va«hin(ton  ZS,  D.  C. 

Chlof  of  IftYal  Hiioarcb  I 

Gffloa  of  MYal  Raaaarch  (Coda  bO?) 

Vathlncton  2$,  D,  C, 

Dlractor  1 

U,  S.  SiTal  Raaaaroh  Laboratorlas 
Vaahinfton  25#  C. 

Plraotor  1 

Waapona  SjataaM  Analjrala  Plrlaloa 
Bttraau  of  laTal  Waapona 
Waahlnfton  25#  B.  C. 


nPARnffiiT  cr  m  AIR  porci 


Haadquartara  U.  S.  Air  Foroa  (AFCOA)  1 

Waablngton  25#  D.  C, 

Conundar  1 

Air  Forca  STatama  Coaaiand 
Andrawa  Air  Foroa  Baaa 
Waahlngton  25#  D,  C. 

Coaaaandar  1 

Of flea  of  Aaro  Space  Research 
BulXdinc  T-D 
Vaahlngton  25#  B.  C, 

Biractor  X 

Air  University  Library 
Maxwell  Air  Force  Base#  Alabama 
Attn;  AUL-86bl 

Connanding  Officer  1 


Wright  Patterson  Air  Force  Bsse^  Ohio 


OjHER  GuvfcittoajiT  AOKHCIES 

Atomic  Energy  Comnisaion 

1901  ConatlttttioD  Avenue,  N.  W. 

Washington  25#  B.  C. 

Nitional  Aeronautics  and  Space  Agency 
Washington  25#  B.  C. 

■ational  Bmraau  of  Standards 
Connecticut  Avenue  &  Van  Mass  Streets,  If.  W. 
Washington  25#  B.  C. 

Human  Performance  Requlrenenta 
XASA,  Ames  Research  Center 
Moffett  Field,  California 
Director 

Science  Information  Exchange 
Smithsonian  Institution 
Washington  25#  B.  C. 
national  Bureau  of  Standards 
Boulder,  Colorado  , 


1 

1 

1 

1 

1 
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OTOKR  (XWIERWEKT  AOEnCIES  (oontlnupd) 

Mitlonal  In8titut«0  of  Health  1 

Hatbeada,  Maryland 
Attn  I  Diraetor 

National  Solanca  Foundation  1 

VTaahington  25f  D.  C. 

Tha  Library  of  Congreaa  1 

VaahingtvD  25,  S.  C. 

(yarn  aqbncies 

Britiah  Joint  Sanrlcaa  Miaaion  1 

Ihrui  Foroign  Liaiaon  Office 
Aatiatant  Chief  of  Staff,  Intalllganoa 
Dapartnent  of  the  Army 
Vaahington  25.  D.  C. 

Canadian  Join..  Staff  I 

Ihru:  Foreign  Liaiaon  Office 
Aaaiatant  Chief  of  Staff,  Intelligence 
Departatent  of  the  Aray 
Waahington  25,  D.  C. 

Human  Reaoorcee  Reaearch  Office  I 

The  George  Waahington  Tlniveraity 
2013  0  Street,  I.  W. 

Waahington  ?,  0.  C. 

National  Academy  of  Sciencea  1 

2101  Conatitution  Arenue,  N.  W, 

Waahington,  D.  C. 

Reaearch  Analyaia  Corporation  1 

6935  Arlington  Road 
Betbeada,  Maryland 

Speeial  Operationa  Reaearch  Office  1 

American  tTnireraity 
L501  Maaaachuaetta  Arenue,  N.  W. 

Waablogton  16,  D.  C. 

Mathenatlca  Reaearch  Center,  U,  S.  Any  1 

Unlreraity  of  Wiaoonain 
Nadiaon,  Wiaconain 
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